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SUMMARY 
The present work was carried out to study the properties 
of both natural rubber composites reinforced by short polyaramid 
fibres and natural rubber laminates reinforced by filament 
polyaramid. 
Initial work was concentrated to obtain a suitable 
direct bonding agent and curing system for high modulus nylon 
6,6 which was used as the control fibre. Two different types of 
bonding and curing systems were established as useful for bonding 
polyaramid to rubbers namely resorcinol-hexamethylene tetramine- 
silica (HRH) and sulphur, and a blocked diisocyanate in conjunction 
with a diurethane-crosslinker. Each system was found to offer a 
different type of adhesion, the HRH formed physical bonds and the 
NCO/urethane chemical links between fibre and rubber. When the 
proportions of these bonding agents were optimised in the NR rubber 
compound vulcanizate properties were significantly improved as 
shown below: 
Bonding System Tensile Strength MPa 
of non-fibre containing 
rubber 
diisocyanate- 
diurethane curatives 
unoptimised 15.7 
optimised 21.0 
resorcinol-hexamethylene 
tetramine-silica (with 
sulphur cure) 
unoptimised 15.7 
optimised 21.8 
Investigation established that for polyaramid fibres the 
optimum aspect ratio of approximately 1250 was found to give 
maximum composite reinforcement as judged by the tensile properties 
of the composite. The experimentally found optimum of 4 parts of 
blocked diisocyanate was used for extensive investigations of 
composites properties with respect to fibre orientation and content. 
Further studies on composites with polyaramid short fibres 
demonstrated the necessity to optimize the proportions of blocked 
diisocyanate in the composite to achieve maximum strength properties, 
e. g. unoptimised with 30% fibre gave a tensile strength of 26.7 MPa 
whereas optimised, with 30% fibre, gave a tensile strength of 34.4 MPa. 
Post treatment of composites and laminates by heating or with 
high energy radiation, using a Co60 source, improved the quality of 
adhesion still further by the formation of more chemical links between 
polyaramid and rubber though some degradation of rubber strength 
simultaneously took place. 
The bonding agent, diisocyanate, was found unsuitable for use in 
a sulphur curing system, and was considered to form complexes with the 
accelerator DCBS and sulphur, to react with zinc salts, and further 
to act as a crosslinker for rubber. It was therefore found necessary 
to vulcanize the rubber with a diurethane crosslinker which did not 
show cure interference with the diisocyanate and the latter then 
functions primarily as a bonding agent though a minor proportion is 
shown to simultaneous crosslink the rubber. The Resorcinol-hexamethylene 
tetramine-silica system. was found to contribute a type of physical 
adhesion, possibly that of hydrogen bonding, between polyaramid and 
rubber since this resin formed insitu during vulcanization of rubber was 
found to crosslink the rubber; reaction mechanisms for both these 
bonding systems are postulated. 
The potential of the composite as a tyre material was examined 
and found to possess low heat build-up characteristics due to it 
being a stiff material and causes low deflection. Only composites 
with a minimum of 20% v/v fibre were considered satisfactory as tyre 
construction materials and to offer reasonable strength properties. 
The future of these composites as a ballistic garment material was 
also investigated and the conclusions drawn were indecisive. Further 
investigations and improvements would be necessary before these 
composites could offer any practical use. 
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CHAPTER ONE 
LITERATURE SURVEY 
1.1 Introduction 
Rubber in the raw state is a soft viscoelastic material having 
poor strength properties and is soluble in certain organic solvents. 
The process of vulcanization causes it to become strong, highly 
elastic and the primary cause of this transformation is the introduction 
of covalent chemical bonds between polymer chains to give a three 
dimensional network which is the present day basis upon which the 
rubber industry is established. 
In certain applications e. g. tread of a tyre, the properties 
obtained in a rubber by chemical crosslinking are insufficient and 
need improvement. This is met by adding certain ingredients to the 
rubber at the compounding stage. The most commonly used technique 
is to incorporate certain organic or inorganic'fillers into the 
rubber and these provide reinforcement characteristics and may be in 
the form of particulate solids; examples are active carbon blacks, 
silicas, silicates, metal oxides, all of which possess some chemical 
and physical activity with the rubber. Some of the mechanical 
properties that are increased are: - 
1) elastic modulus 
2) ultimate tensile strength 
3) tear strength 
4) resistance to abrasion 
5) hardness 
All of these are classified as strength and stiffness properties. 
However in present technology some rubber properties decrease in value 
when reinforcing fillers are added: for example all time-dependent 
characteristics become progressively inferior e. g. permanent set and 
creep; 
2 
It is also necessary that in certain fields of product application, 
e. g. tyres, hoses and conveyor belts, further improvement in properties, 
e. g. stiffness, is desirable. The strength providing member of these 
products is mostly textile. and/or wire materials used in the form of 
laminates. Textiles have to be treated to be compatible with, the rubber 
in order that bonding must occur. The most common treatment process 
involves dipping the textile in a solution of rubber compatible agents 
i. e. latices, drying and then a frictioning process is carried out 
which involves coating the textile with unvulcanized rubber compound 
using a calender. Because of the lengthy and costly processing 
involved, industry is trying to discover a cheaper and shorter process. 
Hence there is much interest in replacing textile laminates by short 
fibre composites. 
Short natural and synthetic fibres have been used for a number 
of years to further improve-the physical properties of cured rubber. 
Short fibres are often preferred since they can be added to the rubber 
directly during the compounding stage, thus in principle offering a 
simpler, less involved product manufacture than the currently established 
rubber-textile and rubber-wire laminate technology. 
It is one of the objectives of this research to collect and 
collate properties of such rubber/fibre composites. 
1.2 Properties of strong fibres 
The basic properties, physical and chemical, which are generally 
desirable in reinforcing fibres for use in the rubber industry are: - 
1) High tenacity 
2) High modulus 
3) Good dimensional stability 
4) Good bondability to rubber 
5) Toug hness or impact resistance 
6) Low creep 
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7) Deterioration resistance to heat, light and chemicals 
8) High resistance to rotting and degradation by 
micro-organisms 
9) Low moisture absorption 
10) High abrasion resistance 
A wide range of fibres are used in the rubber industry and 
each possesses some of these properties. The fibres normally used 
are cellulose, asbestos, rayon, nylon, polyester, carbon, glass 
and recently a new class of fibre the polyaramides 
C Kevlar (1), 
formerly known as Fibre B, has appeared on the fibre scene. The 
properties of the various fibre classes are now described. 
1.2.1 Cellulose Fibres 
Cellulose is a reinforcing fibre found in vegetation and a good 
example is cotton. The chemical structure has been elucidated as 
poly -(1-4) -ß -D -anhydroglucopyranose (2) 
H OH 
H 
H0 
CH2OH 
I 
0- 
H OH 
_ 
eH 
H 
0 
Structure of Cellulose 
CH2OH 
H0ý,... 
OH H 
0 
H 
Though cellulose fibres are classified as strong, stiff and 
relatively inextensible, they possess certain problems during usage 
since they are hydrophylic. Typical properties of cotton fibre are 
given in table 1.1. 
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Moisture absorption causes it to swell, increase in weight, 
decrease in mechanical properties and creep and be vulnerable to 
fungi attack. These effects are only observed in the amorphous 
domain of the cellulose fibre while the crystalline regions are 
quite stable. Despite these technical defects, cellulose fibres 
have been used quite regularly as a reinforcing agent in rubber fibre 
composites (3,4) because they are cheap, readily available and give 
good mechanical impregnation type bonding to the rubber; readily 
entwining their fibrils into viscous unvulcanised rubber. 
Table 1.1 Typical Properties of Cotton Fibres (5) 
Tenacity at break 
60% r. h. cN tex 
1 (MPa) 
wet 
Extension at break % 
65% r. h. 
wet 
30 - 50 
30 - 60 
(41 - 68) 
(41 - 82) 
Elastic modulus 
65% r. h. cN tex-l (MPa) 
wet 
Moisture regain at 65% r. h. 
Specific gravity 
Approximate volume 
Swelling in water % 
4- 10 
5- 13 
400 - 900 
300 - 600 
7-8% 
1.54 
(543 - 1223) 
(447 - 805) 
40 
MPa = cN tex 
1x 
Density x 128 
145.05 
1.2.2 Asbestos Fibres 
These refer to a large group of inorganic minerals which have 
fibrous characteristics. Individual types (table 1.2) which fall into 
the: asbestos fibre category vary widely in chemical composition, 
physical structure and properties. 
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Table 1.2 Common types of Asbestos Minerals (6) 
Name Formula 
actinolite Ca 2 
(Mg Fe)5Si8022(OH)2 
amosite Fe 5 Mg Si8022(OH)2 
anthophyllite (Mg Fe) 7 
Si8022(OH)2 
crocidolite Na2Fe5Si8022(OH)2 
chrysolite Mg6(OH)8Si4010 
tremolite Ca2Mg5Si8022(OH)2 
These fibres melt at relatively high temperatures, usually 
above 400°C, which is higher than commonly used organic fibres. 
Decomposition becomes rapid if the temperature exceeds 400 C to produce 
fibre with a weak and embrittled structure, other properties are shown 
in table 1.3. 
Table 1.3 Physical Properties of Asbestos Minerals (7) 
Properties Amosite Chrysolite Crocidolite 
Fibre density kg m3 3.1 2.6 3.2 
Ultimate tensile 
strength MPa 2.06x103 2.76x103 3.45x103 
Young's Modulus MPa 1.5x105 1.5x105 1.7x105 
Specific heat 
cal/g/°C 0.19 0.27 0.20 
Effect of Moisture none none none 
These fibres are considered inert and non-reactive substances. 
Primarily they are used only as fillers for the purpose of stiffness 
in plastic technology rather than as reinforcing fibres. Nowadays the 
use of asbestos. fibres is restricted since certain types possess a 
critical particle length which has been proven to cause cancer. 
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1.2.3 Glass Fibre 
Glass fibres are the most important of rubber reinforcing 
inorganic fibres. They are available in a wide variety of chemical 
compositions, surface treatments, strength properties, lengths and 
diameters. The basic composition is Si02; over 50% contains the Si02 
and the remainder consists of organic matter.. 
The fibres are formed from one of the two basic glass 
compositions: 
1) a relatively soda free lime - alumina borosilicate 
glass commonly referred to as E glass. 
2) a low soda, C glass, designed for improved resistance 
to acids. 
Glass exhibits good properties (table 1.4) which are of value 
in the field of rubber reinforcement: 
1) incombustibility 
2) high melting point 550 - 8000C 
3) high tenacity 
4) high modulus 
5) low moisture absorbency 
6) high-thermal and mechanical stability 
7) low potential cost hence it is a cheap raw material 
Nevertheless, there are certain disadvantages which inhibit its 
application. 
1) sensitivity to surface damage 
2) when subject to dynamic strains, this causes 
rapid loss in strength 
3) poor bonding to rubber owing to its chemical 
inertness 
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These disadvantages have been overcome by coating the surface 
of the glass fibre with a polysiloxane polymer which bonds directly 
to the glass and then this is covered with. a blend of Resorcinol- 
Formaldehyde Vinyl Pyridine Latex mixed with a diene rubber latex for 
adhering to any subsequent rubber substrates. 
Table 1.4 Properties of E Glass Fibre (8) 
Specific Gravity 
Hardness Moh Scale 
Tensile Strength MPa x 10-3 
Modulus of Elasticity (tension) MPa x 10-8 
Bulk Modulus MPa x 10-8 
Poisson Ratio 
Hysteresis 
Creep 
Specific Heat cal/g/°C 
Coefficient of Thermal Expansion per 
0C 
6.5 
2.76 
7.2 
3.44 
0.22 
none 
none 
0.19 
1.6x10 
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1.2.4 Carbon and Graphite Fibres 
These fibres are produced by controlled thermal degradation 
of cellulosic and synthetic organic fibres, yarns or textiles. 
Variations of carbon and graphitic fibres are prepared by vapour 
deposition or pyrolytic graphite techniques. 
The usefulness of carbon fibres depends on some very advantageous 
strength/weight characteristics: 
1) amorphous material of carbon content 97% is 
oxidation resistant 
2) high sublimation point 36500C 
3) shrinkage of 0.2% on initial heating after prolonged 
standing in the temperature range of approximately 
27400C 
2.55 - 2.58 
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Graphite fibres are more crystalline than carbon fibres and 
obtained in a higher purity form with a carbon content of 99.6%. Their 
surface area is relatively low and the oxidation resistance surpassess 
carbon fibres. They are used in applications for which the higher 
breaking strength of the woven material in combination with resistance 
to oxidation is important and exceeds that of carbon fibre equivalents. 
Commercial fibres are normally offered in the "carbonised" form 
with low modulus and high strength or in the "graphitised" form with 
high modulus and lower strength (figure 1.1). Further strengthening 
of these fibres is attained by hot stretching them above 20000C when 
they undergo plastic deformation. Johnson et al (9) showed that the 
degree of preferred orientation, the fibre strength and the elastic 
modulus all increase markedly during stretching (figure 1.2). 
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1.2.5 Steel Wires 
Steel wires are also used in the rubber industry as the 
strength member of a reinforced rubber product for example in steel 
belted tyres and heavy duty conveyor belting. Its use is justified 
by the outstanding mechanical property balance that steel exhibits 
(table 1.5). Their overall high performance (high strength and 
modulus) versatility and availability offers advantages over other 
commonly used fibres. Its high density enables a much-higher stiffness 
achievement for the same or a reduced volume of reinforcement. 
Table 1.5 General Properties of High Tensile Strength drawn 
Steel Wire (11) 
Ultimate tensile strength range 2000 - 3000 MPa 
Diameter range 0.10 - 0.50 mm 
Elongation % on 25 cm length 2.0 - 3.2 % 
Elongation % on 5. cm length 4.0 - 5.0 % 
Youngs modulus (E) MPa 21000 
Proof stress C 0.2%, MPa 752 
Its dimensional stability is very good. Creep and shrinkage can 
be considered non existent at the stresses and strains experienced by 
the rubber products. Above 3000C, however, other properties may become 
significant. Since steel normally contains traces of nitrogen and carbon, 
the properties. of cold steel change in time and after heating to a 
relatively low temperature. Storage at ambient temperature causes 
increase in tensile strength of the order of 2% over a half year and the. 
tensile strength increases by 3% if heated at 150 - 1600C (11). 
Thermally aged steel wires exhibit improved behaviour under fatigue 
stress conditions possibly due to the stress relaxation that occurs. Low 
temperature properties of steel wires in the range of +20 to -600C (11) 
are*also good. There is little change in toughness when the tensile 
strength and proof stress increase with lowering temperatures. 
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Steel wire needs to be pretreated with suitable bonding agents 
before it can effectively adhere to the rubber. Normally, the 
process used is to brass plate the steel wire and nowadays, the 
brass plating technique is the one most usually practised for steel 
wire to rubber bonding. Brass plating enables the wire to bond to 
the rubber matrix without the aid of additional bonding agents. The 
mechanism of rubber to brass adhesion involves chemical linkages 
between copper in the brass and sulphur in the rubber compound (12). 
1.2.6 Nylon Fibres 
The synthetic aliphatic polyamide, nylon 6,6, was the first to 
achieve commercial success and wider consumer acceptance. This is 
manufactured by the condensation of a dibasic acid and a diamine. The 
mechanical properties are highly dependent on processing, drawing and 
the nature of the heat setting process used to maximise strength and 
modulus. Typical drawn nylons are strong, highly resilient and 
relatively insensitive to moisture as given in table 1.6. 
H00H 
1 11 11 1 
NIH(2)6_N__C CH(CH2)4 C -N 
n 
Nylon 6,6 
Table 1.6 Typical Properties of Nylon Fibres (13) 
ICI Nylon 
Properties Type Type Type Type 
115 115/119 162 126 
Tenacity cN tex-l 78 81 76.5 71.5 
(MPa) (87) (90) (85) (80) 
Extension at break % 14 13.5 17 22 
2% modulus cN tex-1 370 " 390 290 290 
(MPa) (410) (440) (320) (320) 
Shrinkage at 150°C % 5 5.5 3 0'. 3 
Moisture Regain % 
at 65% r. h. at 200C_ 
___ 
4 4 4 4 
Nylon fibres are used extensively in many industrial applications, 
particularly where high strength is required along with high resilience 
examples being conveyor belts, hoses and tyres. Poor adhesion is normal 
between filament nylon and rubber. This is overcome by pretreating the 
textile with bonding agents. Popular methods are the resorcinol 
formaldehyde vinyl pyridine plus rubber latex and the isocyanate dip 
methods. These treated nylons are then dried before being used for 
subsequent bonding with rubbers. Another recent method is the direct 
bonding process which involves incorporating the bonding agent into 
the rubber compound. In this way, the process of pretreatment of nylon 
can be omitted if desired (14). 
1.2.7 Polyester Fibres 
This long chain synthetic fibre is composed of at least 85% by 
weight of an ester of a dihydric alcohol and a dibasic acid. The most 
common grade known throughout the world is polyethylene terephthalate 
having an empirical formula as elucidated below; 
00 
HO CH 2 CH 20 
I) IC 
0 
n 
Polyethylene Terephthalate 
It has been used industrially as a tyre cord material whose function 
is to reinforce tyres. The following properties make it useful as a 
reinforcing agent: - 
1) high tenacity 
2) dimensional stability 
3) low shrinkage at elevated temperatures 
4) little or no growth under load 
5) less sensitivity to moisture 
These properties are shown in table 1.7. 
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Table 1.7 Typical properties of Polyester Fibres (15) 
Continuous 
Properties filament Staple 
Tenacity at Break cN tex -1 
65% r. h. 21°C 40 - 60 35 - 50 
(MPa) (55 - 80) (40 - 70) 
wet 40 - 60 35 - 50 
(55 - 80) (50 - 70) 
Extension at Break 
65% r. h. 21°C 15 - 30 25 - 45 
wet 15 - 30 25 - 45 
Elastic modulus cN tex -1 
65% r. h. 21°C 900 900 
(MPa) (1 200) (1 200) 
Moisture regain at 65% r. h. % 0.4 0.4 
Specific gravity 1.35 1.35 
Approximate volume 
swelling in water % none none 
1.2.8 Rayon Fibres 
This is a regenerated cellulose with wood pulp as the starting 
material. In the rubber industry only two types of rayons are used: - 
1) continuous filament industrial yarn 
2) staple fibre - mainly the modified or high 
wet modulus type 
An important characteristic of this industrial yarn is its high 
initial modulus and thermally stable mechanical properties. However 
the modulus is affected by moisture. When it is exposed to high tem- 
peratures and humidity it will exhibit creep and permanent change in 
length. The moisture absorbency is 13% at 65% relative humidity. Thus 
in rubber product applications, precautions have to be taken to ensure 
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that the moisture content in the rubber is minimised before and prior 
to vulcanization of the rubbers. Being a cellulosic derivative, it 
is easily attacked by micro organisms under suitable conditions. 
A summary of its properties are given in table 1.8. 
Table 1.8 Properties of Rayon Fibres (16) 
Tenacity at Break cN tex 
1 (MPa) 
65% r. h. 21°C 15 - 80 (22 - 120) 
wet 8- 65 (10 - 95) 
Extension at Break % 
65% r. h. 21°C 6- 30 
wet 7- 40 
Elastic modulus cN tex 
1 (MPa) 
65% r. h. 210C 450 - 1800 (660 - 2600) 
wet 150 - 1300 (220 - 1900) 
Moisture regain at 
65% r. h. %, 10 - 16 
Specific gravity 1.50 - 1.54 
Approximate volume 
swelling in, water % 18 - 134 
1.2.9 Aramid Fibres 
This is essentially another type of an amide fibre but of aromatic 
derivative. Hence the' name given to them is polyaramids. These fibres 
exhibit high modulus and tenacity which is twice that of any organic 
fibre and five times that of steel. The initial modulus is also 
superior being ten times that of a common organic fibre and twice that 
of steel and glass cord. Claims of its superior properties have been 
published elsewhere (17). Du Pont marketed the product known as Kevlar 
(previously Fibre B) with the following general formula: 
15 
o 
CO 
CONH 
CO 
_NH- 
General Formula of a Polyaramid (Kevlar) 
Although it is a high modulus and low extensibility material, 
it exhibits normal textile properties and has good resistance to 
fatigue. The other advantage of this fibre is its ability to retain 
its tensile properties at temperatures exceeding those at which 
other organic fibres can be safely used and it is insensitive to 
moisture. 
Since this is a new fibre, work is being carried out to find 
its areas of application. With respect to the tyre industry the 
only uncertainty appears as to which section of the tyre industry 
the aramids will make their commercial debut. Various suggestions 
have been put forward e. g. truck tyres and passenger tyres with the 
possibility of inventing single ply tyres. This is a new fibre and 
hence work is still underway to tackle some of the technical problems 
associated with it. 
1.3 Properties of Polyaramids in comparison with other fibres 
Data concerning the relative merits of aramid fibres are now 
compared with other known fibres as gathered from the literature. 
1.3.1 Tensile Strength 
Tensile strengths of aramid fibres are higher than most other 
fibres (figure 1.3). Fibre B has a tensile strength of'above 180 cN tex-ý'ý 
(254 MPa) at less than 5% elongation and yet still possesses the 
flexibility and toughness characteristics of a textile fibre. 
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1.3.2 Dimensional Stability 
This factor is controlled by the modulus, growths, creep and 
the glass transition (tg) of the fibre. Dimensional stability is 
shown by the strength retention which is a function of temperature. 
The fibre retains a modulus of 2700 cNtex 
1 (3800 MPa) and tensile 
strength of about 135 cN tex 
1 (190 MPa) at 2000C (figures 1.4 and 
1.5). 
The tensile strength/modulus emplacements could also be shown 
graphically (figure 1.6), with aramid fibres placed above other 
fibres. 
1.3.3 Fatigue Resistance 
The morphological characteristics of the aramid is such that 
the fatigue resistance is high eventhough it has a low elongation 
at break. 
1.3.4 Thermal Stability 
Oxidation is a problem associated with many fibres which lose 
strength when they are in. contact with a hostile environment. Aliphatic 
polyamides are known to be prone to oxidative attack at the carbon atom 
adjacent to. the amide group, (19,20). The stability can be maintained 
by adding suitable antioxidants. The polyaramids are reported as more 
stable to*oxidation (21) than nylon or polyester even without any added 
antioxidant (figure 1.7). 
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1.4 Problems associated with short fibres 
The use of short fibres in rubbers is not an established 
technology. There are certain problems to be faced when using 
these materials to reinforce rubber which are those relating to 
processing, fibre bonding and fibre damage during processing, fibre 
orientation, aspect ratio and fibre matrix selection. Efforts have 
been put in to solve some of these problems (23 - 24). Some of 
these factors will now be considered. 
1.4.1 - Fibre Orientation 
Various reports (24 - 27) have shown that fibre orientation 
has a large effect on rubber fibre composite properties. Coran (25) 
has shown that fibres tend to orient along the direction of flow thus 
providing different mechanical properties in different directions 
(figure 1.8). A knowledge of orientation is essential if the rein- 
forcement properties of different fibres are to be studied. Blumentritt 
and co-workers (28 - 29) have also established that Unidirectional 
fibre orientation in a composite gives better mechanical properties 
than randomly oriented fibres (figure 1.9). Fibres may orient differently 
depending on the process used to prepare the composite suggesting that 
the properties obtained will vary (figure 1.10). 
Foldi, (30) has indicated that the extent of fibre orientation 
depends on the fibre type and loading and also on the rubber matrix. 
-- Efficiency of orientation is increased with increase in fibre loading 
for most fibres with the exception of polyester which tends to crimp 
or buckle at a loading greater than 10 parts per hundred rubber (phr). 
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1.4.2 Aspect Ratio 
Composite properties are also dependent on fibre aspect ratio 
i. e. fibre length/effective diameter of a fibre. Data from the 
literature is available to demonstrate that composite stiffness 
increases linearly with aspect ratio in the range of 100 - 200 
(figure 1.11). Later, in this investigation such linearity relations 
as may exist at higher aspect ratios will be examined. In an ideal 
case, in which the aspect ratio is constant in a particular composite 
the following equation is claimed to apply (31) 
Ec = ER (1 + Ký Cf 26 + 0.85 (t/d )1 ...... 
(1.1) 
Ec= composite modulus 
J 
ER = matrix modulus 
Lid 
= average fibre aspect ratio 
Cf = volume fraction of fibre 
f=a function of the average fibre orientation 
K=a constant 
Equation 1.1 can be used to calculate composite stiffness. In 
practice this may. not apply to a real composite as during processing 
such as mixing, calendering and extrusion fibres tend to buckle, crimp 
or entangle with each other and undergo large deformation; or, possibly 
fracture, espeqially glass fibres which are brittle. Hence the result 
is a product comprising a distribution of fibre lengths. 
1.4.3 Adhesion consideration in fibre rubber composites 
Adhesion between fibres and rubbers is usually considered 
necessary in order to obtain good composite properties which comprise 
good strength in tensile and compression modes and cyclic deformation 
or fatigue stability. Since both are strain dependent, it is desirable 
to attain good adhesion so that failure will not occur after only a 
small strain is applied. It will be more advantageous if the composite 
can withstand a high order of applied strain in service. 
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Ideally the adhesives are selected on the basis of; 
(i) closest possible match in fibre and adhesive 
surface energies to produce a compatible 
systems surface energy. 
(ii) chemical reactivity and stability of adhesive, and 
(iii) mechanical properties of the adhesive. 
Most workers (33,34) recommend the use of resorcinol- 
formaldehyde rubber latex dip methods with other additives, phenolics 
(35) and aminimides (36) to enhance bonding between fibres and rubber 
matrices. The technique works well if the fibres are in filament 
or cord form. However it could be difficult to apply to short fibres 
since these fibres might clump together before and possibly after 
the treatment. The recommended method is essentially a two stage process 
involving dipping the filaments in the latex and drying them at 
elevated temperatures, before they are matched with rubber compounds to 
achieve bonding e. g. during the vulcanization process. This technique 
is classified as an aqueous treatment process. 
Other methods have also been put forward (37,38). These are 
generally based on in-situ bonding achieved during vulcanization and 
consist of the following: - 
a) metal wires brass coated can be chemically bonded to 
rubber via the reaction of copper in brass with sulphur 
and rubber. In this instance, sulphur above the conventional 
level of 2.5 parts per hundred rubber is required to achieve 
consistent bonding and usually a minimum of 4 phr is used. 
b) A tricomponent system (39) consisting of hexamethylene 
tetramine, resorcinol and fine hydrated silica is an 
established integral bonding agent for textiles and fibres. 
c) Di-isocyanates (40) have also been used as bonding agents 
for fibres and rubbers. Sometimes, a phenol blocked type 
is employed which becomes reactive only at the vulcanization 
temperature of 140 - 1700C. The cleavage of the phenol from 
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the parent body, makes the isocyanate reactive to form 
physical or chemical bonds between rubber and fibres. 
Free diisocyanates are also available but they are 
supplied as a dispersion or solution in a moisture free 
solvent since they are chemically active towards 
moisture. These diisocyanates are added direct to rubber 
solutions prior to such operations as spreading and dip 
coating of fabrics. 
d) Current Polyaramid (Kevlar) Adhesion Systems. 
Various direct bonding systems have been suggested for 
Kevlar, among them are: - 
Trade Name 
(i) "Cohedur" - formaldehyde donor (2%) 
(Bayer) 
2 
(ii) "Cyrez" 966 NC 
(American Cyanamid) C 
RNS NR 
22 
R= CH2 -0- CH3 
(Hexamethoxy methyl mela ne) 
H2C CH2 
(iii) M-3=bN 0l 
(Uniroyal) CH 
H' 
(a- 22 Az ( Dioxa Bicyclooctanes) 
(iv) R-6 
(Uniroyal) 
(v) Hylene 4715 
(Du Pont) 
= Resorcinol formaldehyde resin 
(resorcinol donor) 
phenol blocked diisocyanate" 
(not available commercially 
since February 1979) 
These bonding agents can be used in conjunction with sulphur vulcanization 
systems. 
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1.4.4 Damage of fibres during processing 
Short fibres are likely to undergo damage during processing, 
especially at the mixing stage either in a Banbury or on a two roll 
mill. The shearing action between the rotors or rolls causes the 
damage which may differ to an appreciable extent and degree depending 
on the mechanical work involved in the mixing process. 
The damage could simply be a crack growth phenomenon where as 
a result of processing a cut is made on the fibre which may propagate 
on prolonged processing resulting in two separate lengths of fibre. 
Alternatively, instead of crack propagation, cracks or flaws may 
already exist in the fibre known as Griffith cracks and when subjected 
to processing an increase in crack length could take place though 
this would not necessarily result in two separate fibre lengths. 
It is appropriate to mention that the original fibre length 
added during the mixing stages may or may not be retained at the end 
of the mixing process. Usually a distribution of fibre lengths is 
obtained. 
1.4.5 Rubber-Matrix Selection 
The selected rubber matrix and short fibres to be incorporated 
into the rubber have to be compatible with each other. The fibres 
must be readily dispersible in the, rubber matrix, otherwise these 
present serious problems to processing and bonding. 
To find a suitable rubber matrix for a particular type of 
fibre some aspects of wetting compatability concepts could be used 
and these are indicated below: - 
1) solubility parameter 
2) surface free energy 
3) polarity 
4) dipole moments 
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1.5 Properties of fibre composites and their method of 
measurement 
1.5.1 Adhesion Measurement 
The effect of bonding is measured by normal stress-strain 
methods (41,42,43). As shown in figure 1.12 the effect of 
bonding is very clear. In a composite system where bonding is 
poor, deviation from linearity takes place at low strains, 
followed by a yield point and a long stretch or draw which indicates 
permanent deformation of the matrix. The yield is caused by bond 
breakage alone. 
The stress-strain curve for a rubber composite is often linear 
until yield stress is reached, the latter is considered to normally 
represent the onset of rubber fibre debonding. A well bonded 
composites could be expected to reach a higher stress-strain level 
before yield stress is reached. 
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Figure 1.12 Effect of bonding system on 
tensile strength in natural 
rubber compound (32) 
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1.5.2 Stiffness 
The stiffness"and strength of a fibre reinforced rubber 
composite is a function of the fibre properties and the quantity 
of fibre incorporated (44). In a composite containing continuous 
unidirectional aligned fibres the properties in the direction of 
fibres alignment may be estimated from a knowledge of the properties 
of the individual components using the law of mixtures as in 
equation 1.2 (45). 
Ec = Ef Vf + Em (1 - V) .......... 
(1.2) 
E= composite Young's modulus 
c 
Ef = fibre 
.... E= matrix 
m 
Vf = total fibre volume fraction 
For a composite containing discontinuous fibres, the above law 
has to be modified. Guth (46) arrived at an equation which relates 
the composite modulus with fibre fraction and aspect ratio: 
El = E0 (1 + 0.67 fc + 1.62 f2 c 
2) 
... (1.3) 
c= volume fraction of fibre filler . 
f= length to diameter ratio of fibre particle 
E1 = modulus of filled compound 
E= modulus of unfilled rubber 
0 
This equation is only valid when the fibres are randomly oriented 
and there is good adhesion between fibres and the matrix such that no- 
adhesion failure occurs during the strain to which the composite is 
subject whilst undergoing deformations. 
ft 
Coran and co-workers (47) have also pointed out that in random 
composites, stiffness is also a function of fibre orientation and 
derived another equation to determine composite modulus. 
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Ec ER [1 +KjCf 26 + 0.85 (1-/d)] ...... (1.4) 
E=c composite modulus 
ER matrix modulus 
t/d = average fibre aspect ratio 
Cf = volume fraction of fibres 
= function of average fibre orientation 
K=a constant 
In certain circumstances when fibre is difficult to disperse in 
rubber, extensive mixing may lead to degradation of rubber matrix in 
which case the matrix modulus is uncertain and difficult to apply. 
The effect of fibre orientation in a unidirectional fibre 
rubber composite has also been studied by the same worker and one 
equation (1.5) derived. Such modulus is called the 'directional 
modulus'. 
E6 = Cose2/EL + Sin 
e2/ET 
........ (1.5) 
E& = modulus of composites where the fibres 
deviate from the direction of test by angle e 
EL = longitudinal composite modulus 
ET = transverse composite modulus 
A typicäl relationship was demonstrated earlier in, figure 1.8. 
1.5.3 Strength 
The tensile strength of fibre rubber composite is dependent 
on the volume fraction of fibres, aspect ratio, fibre orientation 
and also the strain rate. Figure 1.13 shows that tensile strength 
increases with increasing fibre content up to a certain fraction and 
decreases upon further addition of fibres due to dilution effects in 
-the composite. 
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Figure 1.13 Effect of fibre concentration 
on ultimate tensile strength 
of NR-SBR-Cellulose fibre 
composite (47) 
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Directional tensile strength measurements indicate the 
strength of a composite. Figure 1.14 shows the tensile properties 
of a composite measured at various fibre orientation angles. This 
can also be another method of measuring the quality of bonding of 
the fibres and rubber. The orientation of the fibres also affects 
the tensile strength depending on the relationship between the 
direction of tensile extension and fibre orientation (figure 1.14). 
The composites are quite resistant to rapidly applied strains 
along the longitudinal direction of fibre orientation. Fibre 
anisotropy governs the composites strength properties and energy 
applied to produce deformation is highest along the orientation 
direction. This is shown by the increase in tensile strength with 
increase of speed of test (figure 1.15). 
1.5.4 Yield Strain 
The ultimate yield strain at which bond failure between rubber 
and fibre occurs is also a function of fibre concentration. Increasing 
the content of fibres in a rubber matrix will effectively increase 
reinforcement, which results in progressively higher tensile strength 
and lower elongation at break. The elongation is approximately 
inversely proportional to the fibre concentration (figure 1.16). Over 
a reasonable range of fibre concentrations, fibre length, and fibre 
orientation, the product of Youngs modulus and ultimate elongation is 
linear with a negative slope (figure 1.17). 
1.5.5 Creep, Stress Relaxation and Set 
Time dependent deformations can occur in fibre rubber composite 
and are more related to the rubber matrix properties than to the fibre 
component. Coran (47) has shown stress relaxation data for a natural 
rubber cellulose fibre composite and for a comparative unconstrained 
matrix rubber (figure 1.18). The resistance to relaxation by the fibres 
is apparent. He has also shown that creep is dependent on the fibre type 
with the inextensible fibres giving a better creep resistance than 
extensible types. 
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Figure 1.14 Effect of fibre orientation 
on ultimate tensile strength (47) 
0 20 40 60 80 
Angle of fibre orientation eo 
37 
56 
000, 
i 
0 
a 42 
4) eo 
14 
., 4 
28 
aý 
cl 
14 Z) 
" 14 
Rate Of Loading IN/IN/MIN (25 mm/25 mm/min) 
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1.5.6 Heat build up 
Foldi (48) has shown that heat build up in rubber fibre composites 
is caused when these undergo cyclic deformations. This is a function of 
fibre types and content and independent of fibre lengths (figure 1.19). 
Considerable heat build up is observed to result above 10 phr fibre 
loading, which gives good reinforcement as measured by Goodrich Flexometer. 
Different fibres behave differently e. g. for polyester fibres, the heat 
build up is shown to decrease after 15 phr loading and the explanation 
is still obscured. Though the heat build up measurement is the 
systems hysteresis, in this case, this is measured with the Goodrich 
Flexometer instrument in which the rubber is subjected to a static 
load and then to a dynamic deformation. 
Heat build up (or hysteresis) can also be expressed as rebound 
resilience M. This reflects the ability of rubbers to dissipate energy 
upon impact. 
1.5.7 Orientation 
Orientation in a fibre rubber composite refers to the degree 
of parallelism of fibres. This can be measured by microscopic 
techniques which involve. cutting microtomed sections and examining 
them under either Optical or Scanning Electron microscope. The 
orientation in a composite could also be studied by an indirect method 
measuring the physical properties of the composite in various directions., 
The indirect method is the most used technique to monitor the orientation 
of fibres in composites. 
1.6--Strength Concepts "'""" 
Rupture of rubber can take place under various imposed mechanical 
conditions e. g. during cyclic deformations or on stretching to ultimate 
elongation at break or during abrasive wear. Since abrasive wear is a 
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Figure 1.19 Heat build up in Goodrich 
Flexometer. as function of 
fibre type and loading (48) 
O 10 20 30 40 50 
43 
complex form of strength concept, involving frictional and other 
properties in addition to strength, this review of strength concepts 
is only focussed on the simpler approach such as tensile rupture, 
tearing, cut growth and fatigue failure. 
1.6.1 Tensile Rupture 
Tensile rupture (49) involves the application of a uniform 
uniaxial tensile stress either statically or continuously increasing. 
It is mainly a comparative measurement of elongation at break and 
tensile strengths which are usually defined as breaking force per unit 
area of undeformed cross sectional area. Various factors govern 
tensile rupture, crystallization (50 - 53), particulate fillers (54), 
initial molecular weight (55 - 56), degree of crosslinking (52 - 53) 
and swelling, temperature and rate of deformation (57 - 58). 
Tensile strength decreases linearly with 1 or 1 
MM 
c 
where M= initial molecular weight 
Mc = mean chain molecular weight between crosslinks 
and is related to the fraction of rubber capable of crystallizing on 
stretching (59),. 
W=1-2M 
ac 
"M+M C 
The strength of rubbers can also be-expressed in terms of tensile 
product (tensile strength x elongation at break) which is propor- 
tional to the strain energy. 
1.6.2 Tear Strength 
This aspect of strength concept is primarily concerned with 
measurements. of resistance to tearing (60). Two commonly used test 
pieces are crescent shape and trouser shape samples, both measures 
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the energy to tearing. The physics and mathematical approach to the 
energy of tearing independent of test piece geometry is discussed in 
detail in Bateman (61). Tear strength is also dependent on the test 
conditions. When measurements are made at constant rate of extension, 
tear processes can be grouped into two main types, called "steady" 
and "stick slip" tearing (figure 1.20). 
-slip tearing 
U 
0 
w 
TIME 
tearing 
Figure 1.20 Force time curves at constant rate of 
extension (61) 
1.6.3 Cut Growth and Fatigue Failure 
When crystallizing or highly reinforced rubbers are dynamically 
'deformed, they do not tear continuously unless the deformation exceeds 
a critical value. If a cut is present in the test piece, the cut will 
grow steadily with repeated deformation. When rubber, containing no 
obvious cuts or cracks, is repeatedly stretched and relaxed, it 
ultimately breaks eventhough the maximum deformed stress is much less 
than the breaking-stress. During the cyclic deformation the temperature 
in the interior of the rubber may rise quite significantly to cause 
rubber chemical degradation. Rivlin and Thomas (62) proposed an 
equation relating cycles to failure to maximum stored energy, 
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W -W =K (ý) C2 Eh 0 
W= total stored energy 
W=0 stored energy for uncut test piece 
C= small cut length 
E= maximum stored energy/unit volume in 
h= thickness of test piece 
K (%)= elastic measurements 
the simple extension region 
Two important factors governing the fatigue life of natural rubber 
vulcanizates are: - 
i) the size of flaws, either present initially in the 
rubber or resulting form chemical attack (ozone 
cracking) or mechanical attrition 
ii) the elastic strain energy content of the deformation 
cycles 
1.7 Objectives 
Having illustrated the superior physical, mechanical and 
chemical qualities of polyaramid fibres, it is necessary to examine 
their behaviour when used as short fibres to make a composite 
material. Also, it is essential to examine the characteristics of 
their rubber laminates based on filament rubber sandwich constructions. 
Before being industrially useful, polyaramids must be able to 
adhere to the rubber matrix. At present suitable bonding and curing 
systems. between the two materials are believed to be unsatisfactory 
and will be investigated. 
The initial aim is to apply established bonding systems to 
the production of composites and to investigate and optimise selected 
properties. 
A comparison is made of short fibres incorporated into rubber 
during mixing, such a material being called a composite, with fabricated 
filament textile-rubber laminates. 
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CHAPTER TWO 
SELECTION OF BONDING AGENTS FOR POLYARAMIDS 
2.1 Introduction 
A Primary characteristic of any rubber fibre composite is to 
ensure that good bonding between the various materials that comprise 
the composite is achieved, either physically or chemically. Various 
methods and techniques to obtain adhesion between fibre and rubber 
have been reported (63,64). Common techniques are to pretreat the 
fibre surface by dipping it in rubber solutions or latices to coat 
the entire surface area and dry it at elevated temperatures. Then, 
these treated fibres are used as long filaments or chopped into short 
lengths to be used as short fibres to reinforce rubbers. 
Such pretreatment processes are considered involved and lengthy. 
Current practice, in short fibre-rubber composite technology, is to 
omit the early treatment method and substitute with a direct bonding 
(insitu or integral) technique in which fibres and bonding agents 
are added into rubber compounds as separate entities during mixing 
on a two roll mill or in an internal mixer. Adhesion between these 
two materials, fibres and rubber matrix, is achieved during the compound- 
ing'process and by vulcanization. Typical examples of such systems are 
now given. - 
A tricomponent system consisting of hexamethylene tetramine, 
resorcinol and fine particle hydrated silica (65) has been shown to 
bring about good adhesion between most types of elastomers and common- 
woven fabrics or fibres. Alternatively a condensed resin, which is 
the product of a resorcinol and formaldehyde reaction, is also used 
either separately'or in combination with hexamethylene tetramine. Both 
these systems have been reported to give satisfactory results (66). 
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Another method involving the use of phenol blocked diisocyanate 
type bonding agent is also capable of producing the same direct 
bonding effect. The bonding chemistry of the integral tricomponent 
systems and phenol blocked diisocyanates is totally different as 
illustrated by their functionalities, OH for phenol and formaldehyde 
and NH for hexamine, and, N=C=0 for isocyanates. Both types however, 
are considered capable of forming chemical links with the rubber 
matrix during vulcanization. 
Little information has been published with respect to polyaramid 
fibres in the area of direct bonding techniques because it is a new 
type of ultra high modulus fibre. O'Connor (66) has also proposed that 
tricomponent systems, or resin or resin/hexamethylene tetramine 
bonding systems could be applicable as direct bonding agents for 
polyaramid fibres. 
For polyaramid fibres the field of direct bonding is considered 
to be relatively uninvestigated and to need more investigation in the 
search for other alternative types of adhesive systems. Blocked 
diisocyanates will be investigated as potential insitu bonding agents 
for polyaramids. 
2.1.1 The Diisocyanates as Bonding Agents 
One of the most widely used diisocyanates for bonding is, 
4,4 - diphenylmethane diisocyanate (MDI) whose structure is now 
given: -, 
H 
OCN OC NCO structure .... (2.1) 
H 
4,4 - diphenylmethane diisocyanate (MDI) 
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When it is used as a solution, the results are rather inconsistent 
and this is explained by its ability to undergo the following 
reactions. Isocyanates are reactive at their nitrogen carbon double 
bonds where, in addition to copolymerization condensation reactions 
can take place in the following manner: - 
1. with water 
R. NCO + H2O R. NH. COOH .... (2.2) 
R. NH. 000H + R. NCO R. NHCO. O. OCNHR .... (2.3) 
RNHCO. O. OCNHR RNHCONHR* + CO2 .... (2.4) 
RNHCOOH RNH2 + CO2 .... (2.5) 
RNH2 + RNCO R. NHCONHR* .... (2.6) 
*substituted urea 
2. with acids 
RNCO + RCOOH RNHCOOCOR .... (2.7) 
RNHCOOCOR RNHCOR + CO2 .... (2.8) 
2R'COOH + 2RNCO > (RNH)2CO + (R'CO)20 + CO2 .... (2.9) 
3. by polymerization 
3RNCO 
0 (1 
c 
R-N N-R 
O=CN 
/ 
C=0 
N 
1 
R 
an isocyanurate .... (2.10) 
The reactive diisocyanate groups in MDI can be protected by 
reacting it with phenol to form a product known as bisphenol adduct 
of methylene-bis-(4 phenyl isocyanate) with the general structure: 
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©-o- 
CNH_ 
C(D 
CH2 o_ 
O 
.... (2.11) 
Bisphenol adduct of methylene-bis-(4 phenyl isocyanate) 
This phenol blocked diisocyanate available commercially as 
Hylene 4715 is stable and not reactive towards water or acids 
at temperatures below 1500C. The reaction between phenol and 
4,4' - diphenylmethane diisocyanate is reversible only when the 
temperature exceeds 150 
0 C. At this temperature the active 
diisocyanate groups are regenerated. As a preliminary or model 
investigation it was decided to investigate the bond formed 
between MDI and Nylon fibres as the latter had a similar structure 
to the polyaramids and this is now discussed. 
**Du Pont: this was withdrawn from*the market since February 1979. 
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2.1.2 Model Fibre 
As a model fibre, high modulus nylon 6,6 was chosen to 
evaluate suitable bonding agents for polyaramid. Choice of 
the model is attributed to it being an amide. The basic 
difference between the two is that nylon is aliphatic while 
polyaramid is aromatic in nature as shown below: - 
ii ii Q 
polyaramid 
HH 
I 
NON 
n 
H00H 
(CH2)6. -N -C -(CH2)4 C- N 
n Lj 
nylon 6,6 
.... 
(2.12) 
... 
(2.13) 
Both fibres possess the following functional groups in their main 
chains: 
C=0andN-H 
Thus it could be assumed that in principal their chemical reactivity 
would be similar; As integral bonding systems for nylon are well 
established this fibre was chosen for the initial exploratory 
experimental work. on composite sample preparation and physical test 
methods. 
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2.2 Selection of Bonding Agents 
2.2.1 Experimental 
Various combinations of known available direct bonding agents 
and cure systems were investigated to try and obtain maximum bond 
strength on which relies the final selection of bonding and cure 
systems for an amide fibre to achieve adhesion with rubber. Gum and 
carbon black loaded rubber compounds were used in the investigation, 
with the former deployed as a control stock, free from potential 
side reactions which could be expected with carbon black due to the 
presence of known active groups such as aldehyde, phenols and 
carboxylic acids, on its surface. 
Different types of curing systems were studied in conjunction 
with the bonding agents. There is a possibility that one bonding 
agent would give a better bond, physical or chemical, with some 
preferred cure systems. 
The potential of the mixed bonding systems based on diisocyanate/ 
condensed resin was also looked into with the aim of achieving a better 
bond between fibre and rubber or activating a synergistic effect on 
bonding. 
Rubber formulations used in the experiments are listed in tables 
2.1 - 2.4. They feature different types of established commercial 
bonding and vulcanization schemes selected from the literature namely: - 
Cure Systems 
i) Control Sulphur/DCBS 
ii) Blocked Diisocyanate Sulphur/DCBS 
iii) Cohedure RL/Silica Sulphur/DCBS 
iv) Cohedure RS/Cohedure A/Silica Sulphur/DCBS 
52 
Cure Systems 
v) Cohedure RS/HMT/Silica Sulphur/DCBS 
vi) Control Diurethane (NOVOR 924) 
vii) Blocked Diisocyanate ' Diurethane (NOVOR 924) 
viii) Blocked, Diisocyanate/Cohedure RS/ 
Cohedure A/Silica Diurethane (NOVOR 924) 
Table 2.1 Evaluating Bonding Agents in Gum Compounds 
Cured with Sulphur System 
Formulation Mix No 
pbw 1 2 3 4 5 
NR - SMR5 100 100 100 100 100 
Zinc Oxide 5.0 5.0 5.0 5.0 5.0 
Stearic Acid 1.0 1.0 1.0 1.0 1.0 
Antioxidant WSP 0.5 0.5 0.5 0.5 0.5 
Hylene 4715 - 4.0 - - = 
Cohedure RL - - 4.0 - - 
it RS - - - 4.0 . 
4.0 
A - - - 2.5 - 
HMT - - - - 1.8 
Silica VN3 - - 15 15 15 
Sulphur 2.5 2.5 2.5 2.5 2.5 
Accelerator DCBS 0.7 0.7 0.7 0.7 0.7 
I 
i 
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Table 2.2 Evaluating Bonding Agents in Black Compounds 
Cured with Sulphur System 
Table 2.3 Evaluating a Urethane Vulcanization System in Güm 
and Black Mixes containing the Blocked Diisocyanate 
Formulation Mix No' 
pbw 11 12 13 
NR - SMR5 100 100. 100 
HAF N330 - 30 30 
Zinc Oxide 5.0 5.0 5.0 
Stearic Acid 1.0 1.0 1.0 
WG3 3.0 3.0 3.0 
ZDC 2.0 2.0 2.0 
WSP 0.5 0.5 0.5 
Hylene 4715 - - 4.0 
Novor 924 6.7 6.7 6.7, 
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Table 2.4 Mixing Blocked Diisocyanate/HRH Bonding Systems 
in a Gum Compound crosslinked with Diurethane 
d 
Formulation Mix No 
pbw 14 15 
NR - SMR5 100 100 
Zinc Oxide 5.0 5.0 
Stearic Acid 1.0 1.0 
WG3 3.0 3.0 
ZDC 2.0 2.0 
WSP 0.5 0.5 
Hylene 4715 4.0 4.0 
Cohedure RS - 4.0 
A - 2.5 
Silica VN3 - 15.0 
Novor 924 6.7 6.7 
2.2.2 Mixing of Rubber Compounds 
Rubber and all other ingredients were compounded on a two 
roll mill of 850 c. c. capacity. Mixing was done on a cold mill 
whose rolls increased in temperature up to 700C during the mixing 
process. 
The order of adding the ingredients wtts similar to the 
sequence shown in tables 2.1 - 2.4 namely: - 
Rubber (SMR-5) 
Fillers 
Activators 
Lr 
Bonding Agents 
Curing Agents 
Accelerator 
e 
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The mix was'finally refined six times and removed as a sheet about 
3-4 mm thick. 
2.2.3 Preparation of Test Specimens 
1 2.2.3.1 Curing Characteristics 
The curing behaviour of the rubber compounds was determined 
after they had been in store for 48 hours to make allowance for 
any unknown chemical activity to go to completion. A Monsanto 
Oscillating Disc Rheometer (ODR) TM 100 model was used to study 
the cure characteristics which are presented in the form of a 
cure curve whose idealised form is given in figure 2.1. 
Scorch and cure time were calculated as follows: - 
Scorch time = time taken to raise torque value of 
tsx 2 units above the minimum point on 
the cure curve 
Cure time = 90 or 95% criterion was adopted 
tc(x) calculating from the formula 
(MM - ML) x (90 or 95) 
T90 or. T95 = ML + minutes 
100 
cure'rate index = 100 
which is proportional to the tc() tsx 
average slope of cure rate curve 
in the steep region. 
tc(x) _ (x) percent of full torque development, 
tsx = time to incipient cure (scorch time)' 
where x is the amount of increase above M_ 
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0 
E 
V 
C, 
0 
Ei 
Time (Mips) 
ML 
= minimum torque 
MHM = maximum torque at specified time of marching modulus cure 
MHP = maximum torque of plateau cure 
MHR = maximum torque of reversion cure 
t = time for 2 lbf in used with 3o crc rise above M 
s2 
L 
t (90) = time to X7o of maximum torque c 
Figure., 2.... 1 ;... Typical. -ty pes. o. 
f.., rheome. ter traces of a, rubber 
compound. 
2.2.3.2 Moulding Methods 
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2.2.3.2.1 H Pull Test Samples for measuring Rubber-Textile 
Adhesion 
The alphabet letter H signifies the shape of the test piece 
itself see figure 2.2a. The principle of the test involves the 
application of extensional force at both ends to separate the fibre 
. from the rubber matrix and'examine 
the bonding failure. Samples 
were made using a special mould (figure 2.2b). Five test samples 
were obtained from one curing process which involves a compression 
method. Adhesion of rubber to fibre was achieved inside the mould 
during vulcanization, where the fibre was sandwiched between two 
layers of rubbers. Prior to vulcanization the rubber surfaces'were 
cleaned with solvents, trichloroethylene and acetone, to remove dirt 
and grease and to create a fresh rubber surface. 
2.2.3.2.2 Peel Adhesion Test Samples 
1 
This second test procedure was considered necessary to further 
substantiate the results obtained from the H pull test samples. It 
would be understood the results obtained would be numerically different 
but qualitatively similar with respect to the type of bonding failure 
observed. In. this method polyaramid fibres were wound in tension 
and packed parallel to each other, round a rectangular metal frame 
along its length (figure 2.3). - Solvent cleaned rubber sheets were 
placed on both sides of the tensioned fibres to form a sandwich of 
rubber-fibre-rubber between two preheated metal plates with the whole' 
assembly being compressed in a heated hydraulically closed platen 
press at an apparent in mould pressure of 10 tons. 
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Rubber 
Direction Direction of 
of Pull E-- =ý T 
Pull 
Fibre Fmbedded Cord 
Figure 2.2a H-Pull Test sample indicating 8 mm length 
fibre embedded in rubber 
Irr 01 . rw NO 
Figure 2.2b Special Mould for 11-Pull Test samples Preparation 
A= Frame with wound fibre 
B= Mould area where bonding is achieved 
C= Finished sample ready for testing 
Figure 2.3 Demonstrate the fibres around a rectangular 
metal frame 
Peel test specimen mould frame showing the manner in which 
fibres were wound around the supporting middle frame section. 
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1/ 
2.2.3.2.3 Preparation of Physical Testing Samples 
Vulcanized rubber sheets were prepared using a 150 x 150 x3 mm 
mould. The cured sheets were stored for 24 hours in polythene bags 
prior to testing in accordance with British Standard BS 903. 
Test specimens were cut using a dumb bell type shape cutter 
(BS 903 Part A2 1971 type No. 1) for tensile testing and nick 
crescent shape cutter for tear strength test, (BS 903 Part A3: 1972). 
2.3 Results 
2.3.1 . Properties of Vulcanizates 
All the physical testing was carried out on a Hounsfield 
vertical tensometer at speed 500 mm minute-1 accordingly to BS 903 
Part A2. 
The properties of rubber vulcanizates for gum and black mixes 
containing various types of bonding systems shown in tables 2.1 - 
2.3 are given in tables 2.5,2.6 and 2.7 respectively. 
(1) Tear strength, Newtons per standard test piece. was 
used in accordance to BS 903 Part A3 1973 
tear strength = 
tsF 
_2F 
tt 
F force in Newtons 
is = standard thickness of'test''piece 2 mm 
t= thickness of test piece in mm 
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Table 2.5 Properties of Gum Vulcanizates 
Physical Properties Formulation Number (table 2.1) 
1 2 3 4 5 
Tensile strength MPa 9.4 12.3 8.8 11 10.7 
Modulus M300 MPa 1: 1 1.1 2.3 1.9 2.7 
Elongation at Break % 700 650 600 565 500 
Hardness IRHD 30 31 35 40 43 
Tear strength N per 
std test piece . 41 18 . 18 20 19 
Compression set % 
24 hrs © 100°C 21 22 19 19 20 
Fatigue, (kilocycles) 7115 7115 115F 113G 112G 
Debonding force 
N/8 mm (Nylon 6,6) 11 8 30 35 33 
Ageing 1 week © 1000C 
Tensile Strength MPa 0.9 0.9 1.5 1.5 1.7 
Elongation at Break % 160 140 65 90 100 
Scorch time t (mins) 
1700C, 2 7.5 6.8 9.8 8.3 4.4 
Cure time t (mins) ý0 
170 0C 21.1 19.3 32.5 31.8 16.8 
,, 
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Table 2.6 Properties of Black Vulcanizates 
Physical Properties Formulation Number (table 2.2) 
6 78 9 10 
Tensile strength MPa 21.4 23.3 14.5 16.5 17.6 
M300 MPa 12.3 12.1 13.3 14.5 44.9 
Elongation at Break % 440 480 340 360 360 
Hardness IRHD 
. 
46 54 58 69 71 
Tear strength N per 
std test piece 37 195 43 77 136 
Compression set % 
24 hrs © 100 0C 18 18 22 20 19 
Fatigue (kilocycles) >68 68E 64F 30G 26G 
Debonding force 
N/8 mm (Nylon , 
6,6) 
, 
14 22 24 30 41 
Ageing 1 week © 1000C 
Tensile strength MPa 2.7 3.2 3.3 3.9 2.7 
Elongation at Break % 53 70 40 50 50 
Scorch t'(mins) 
0 2 C 170 C 5.. 9 6.0 6.6 5 4 
Cure tg (mins) 
0 170 °C 16 18.8 18.5 15.3 19.5 
iý 
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Table 2.7 Properties of Urethane Vulcanizates 
. r- I 
Physical Properties Formulation Number (table 2.3) 
11 12 13 
Tensile strength MPa 8.4 13.3 21.2 
M300 MPa 0.7 8.6 15.0 
Elongation at Break % 590 380 400 
Hardness IRHD 29 49 58 
Tear strength N per 
std test piece 
. 
19 30 85 
Compression set % 
24 hrs @ 1000C 11 12 9 
Fatigue (kilocycles) X69 >69 48G 
Debonding force I 
N/8 mm (Nylon 6,6) 
. 
17 29 43 
Ageing 1 week @ 100°C 
Tensile strength MPa 1.3 4.7 3.9 
Elongation at Break % 190 185 110 
Scorch time t (mins) 
@ 170°C 
2 8.5 3.8 3.0 
Cure time t90(mins) 
@ 1700C 32.5 33.8 19.3 
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(2) Fatigue BS 903 Part A10, this measures crack initiation 
by repeated flexing and the cracks are graded according 
to a standard table. 
2.3.2 Bonding Properties 
N 
H shape specimen cut out from the vulcanized samples (section 
2.2.3.2.1) were'tested on a Hounsfield machine at 13 mm (5 ins) min 
using special test grips (67). The results are expressed in the 
standard manner as force to rupture a test sample with an 8 mm in 
length of fibre embedded in the vulcanized rubber 'H' block. 
The reason for measuring the physical properties of the rubber, 
vulcanizates was to predict what might be expected when a certain 
type of bonding agent is employed with a particular curing system, 
in non-filled rubber and carbon black reinforced rubber. Properties 
for example tensile strength, hardness, tear strength and debonding 
force are enhanced. This data is used as a guide in the selection 
of bonding agents for natural rubber compounds to promote adhesion 
with polyaramids. 
2.3.3 Choice of Bonding Systems for Polyaramids 
The choice, of bonding systems for polyaramids is based on the 
physical data of the above rubber vulcanizates. This represents the 
properties that are expected from the actual rubber products. Using 
these properties as a standard or guide, further increases or decreases 
in the physical characteristics of these vulcanizates could be made by 
simple formulation changes. 
From the H bond test results and rubber vulcanizate properties it 
was established that the following bonding systems could be used for 
bonding polyaramid to rubber: - - 
(i) Cohedure RS - Silica Hexamethylene tetramine gave a 
promising result for both gum and carbon black containing, 
natural rubber compounds with a conventional 'sulphur 
curing system (Mix No: 5 table 2.1, Mix No: 10 table 2.2). 
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(ii) Rubber containing a diurethane curing system 
(Mixes No: 
11 - 13 table 2.3) with phenol blocked 
diisocyanate 
bonding agent offers, an alternative method to be used 
for bonding polyaramids to the rubber matrix by 
vulcanization. The phenol is capable of unblocking 
itself from the structure during vulcanization at 
temperatures above 150 
0C 
and simultaneously increases 
the crosslinking efficiency of the rubber as indicated 
by the difference in rheometer traces of figure 2.4. 
Evidence of increased crosslinking efficiency is further 
demonstrated by improved physical properties of the 
rubber vulcanizates (table 2.7 Mixes No: 12 and 13) 
Tensile and tear strength, hardness and debonding force 
of rubber vulcanizates with diisocyanate are observed 
to be much higher than those without this bonding agent., 
Hence it is possible that the diurethane and diisocyanate 
system could be used to achieve bonding, between polyaramid 
and rubbers. 
Combinations of Cohedure RS, Cohedure A and diisocyanate bonding 
mixtures in rubber with a diurethane crosslinking system, (table 2.4) 
did not show any promise at all because porous rubber was obtained 
instead of the desired bonding improvement between rubber and fibre. 
As Cohedure RS and A contain resorcinol and formaldehyde respectively, 
they possess hydroxyl attachments which could be considered reactive 
towards N=C=0 of the diisocyanate released during the unblocking 
of blocked diisocyanate and as a result carbon dioxide is liberated 
which then causes blowing during cure. The chemistry of these reactions 
can be postulated as shown in equation 2.14. 
The next step was to proceed to apply this experimentally 
established suitable bonding and cure systems for Nylon 6,6 to 
polyaramid fibres. In this initial investigation, the proportions 
of 'bonding agents in rubber compounds were used at selected levels'which 
may not represent optimum proportions and later these levels are to be 
optimised in the rubber for maximum strength in the latter. 
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O=C=N- Qý - CH2 
Oý - N=C=O 
+ rubber +X- OH + diurethane crosslinker 
X= Resorcinol or Formaldehyde 
170ýC 
_.. rdiurethane 
rubber 
x0 
1 11 
urethane-N _S 
OH 
1700 C 
X 
urethane- N- H+" CO2 
170 00 
\\C-N 
CH -Cý 
OH 
NH 
1700 C 
Xx 
+ c02 
.... 
(2.14) 
Proposed mechanisms of reactions involved in the rubber during 
vulcanization that caused poirosity when mixtures of hydroxy 
active bonding agents were used in conjunction with a diurethane 
crosslinker (table 2.4) 
i 
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2.4 Effect of the selected Bonding and Cure, Systems on 
Kevlar Type 2500 1 
The selected bonding and vulcanization systems for rubber of 
section 2.3, Cohedure RS, Silica and Hexamethylene tetramine, and, 
Diisocyanate and Diurethane, were then applied to polyaramid fibres. 
Table 2.8 demonstrates the bond strength obtained for Kevlar type 
2500 fibre using the H pull test method. 
Table 2.8 Bond strength of Kevlar Type 2500/rubber using 
the selected bonding agents 
Bonding/Cure Cure Cure Debonding Type Of 
System Temp °C Time Force N/8 mm Failure 
(Mins) 
Cohedure RS/ 
Silica/HMT/S Cure 160 39 82 R-F 
(table 2.2 (10)) 
Diisocyanate/ 
Diurethane Cure 160 39 75 R-R 
(table 2.3 (13)) 1- 1 
apparent moulding pressure of 5 kg/mmz was used. 
Various, types of bond failure between the fibre and rubber were 
observed and characterised: - 
(i) The type of failure (R-F) denoted a rubber-fibre failure 
when a clean fibre surface was obtained after debonding, 
and, 
(ii) rubber to rubber (R-R) type'of failure when rubber was 
still attached to the fibre after bond failure which could 
possibly also indicate a lower degree of rubber strength 
properties as compared to the bond strength. 
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2.5 Effect of Moulding Pressure and Temperature of Vulcanization 
on Bond Strength - 
Moulding pressure may also affect the ultimate bond strength 
between polyaramid and rubber (table 2.9) and an investigation of' 
its quantitative effects on bond strengths was then pursued. 
Table 2.9 Effect of Moulding Pressure on the Final Bond Strength 
Bonding/Cure 
System 
Cure 
Temp oC 
Cure 
Time 
(mins) 
Moulding 
Pressure 
Kg/mm2 
Debonding 
Force 
N/8 mm (i) 
Type 
Of 
Failure 
Diisocyanate/ 39 3 64 R-R 
Diurethane 160 39 5 75 R-R 
Cure(table 2.3 39 10 45 R-R 
(13)) 
Cohedure RS/ 39 3 72 R-F 
Silica/HMT 160 39 5 82 R-F 
Sulphur Cure 39 10 74 R-F 
(table 2.2 (10)) 
(i) These results represent the average value of a minimum of 
10 test specimens per result. 
The data in table 2.9 indicate that ultimate bond strength may be 
somewhat dependent'on the moulding pressure but-the effect is not large, 
irrespective of the types of bonding and cure systems employed. The 
types of bond failure are still different between'the two types of 
systems with one being an R-F type failure and the other an R-R failure. 
Further evidence for R-R type adhesion with the diurethane system 
was obtained from test samples in the form of 15 mm wide strips using 
the peel test method. These results are shown in table 2.10 and further 
Illustrated that moulding pressure may govern the final bond strength 
value. This type of failure was also observed to be of the rubber-rubber 
(R-R) type as shown in figure 2.5. 
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(R-R) 
Figure 2.5 Type of bond failure for diisocyanate 
diurethane system 
A= unbonded fibres 
B= bonded fibre showing rubber attachments to 
indicate Rubber-Rubber failure 
C= vulcanized rubber 
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Table 2.10 Effect of Mould Pressure on Bond Strength using 
the Peel Test Method on 15 mm width test piece. 
Speed of test 25 mm min-': system was diisocyanate 
Bonding Agent with a diurethane curing agent (table, 2.3 
(13)) 
Moulding Pressure 
Pressure Kg/mm2 
Debonding Force 
N/15 mm 
1 34 
2.2 82 
3.7 64 
7.4 61 
9.4 46 
The peel test is quite a different form of test from the H test, 
however similar trends of bond failure would be expected from both 
types of test. 
Vulcanization temperatures were also found to affect the final 
bond strength see table 2.11. It is observed that lower vulcanization 
temperatures are preferred to obtain good adhesion between fibre and 
rubber. An explanation could be that by increasing the cure temperatures, 
the cure rate is also increased and this would leave insufficient time 
for the fibre to adhere to rubber matrix before full vulcanization of 
the latter. takes place. 
Table 2. "11 Effect of Vulcanization Temperature and Moulding 
Pressure on Bond Strength, using H Test procedure 
Bonding and Curing 
System 
Cure Temp 0C Moulding 
Pressure 
Kg/mm2 
Debonding 
Force N/8 mm 
Diisocyanate/ 170 10 38 
Diurethane 160 10 45 
(table 2.3 (13)) 
170 5 48 
160 5 75 
i 
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Reasons for bonding to be dependent on the applied pressure 
are attributed to the interaction between fibre and rubber phase. 
A certain minimum pressure is considered necessary to ensure 
complete contact between the two materials owing to elastic or 
plastic deformations and the irregularities of the rubber surface 
which require to be physically removed to produce contact with a 
uniform surface. Further increase of pressure above such a 
minimum should theoretically not have any detrimental effect on 
the bond strength. However, for this polyäramid to rubber bonding, 
the bond strengths are reduced upon increasing pressure, figure 2.6, 
above a certain value. This could be due to bundles of fibres being 
compressed and compacted together and also possibly due to fibre 
damage when high pressures are used. 
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2.6 Optimization of Adhesion Systems 
2.6.1 Introduction 
Earlier work was carried using some preselected levels of 
bonding agents and these may or may not represent optimum levels 
with respect to strength properties. Hence it was considered 
necessary to further investigate the levels of bonding agents 
needed to be in the rubber to give enhancement of bonding and 
physical properties. Experiments were designed to try and ascertain 
this optimum level of bonding agents using as evaluation criteria 
the strength properties namely tensile and tear. This data was 
chosen from the results in tables 2.5 - 2.7 as representing the 
desirable physical properties upon which the optimum level of 
bonding agents required to be in a rubber compound were to be judged. 
This investigation represents a partial optimization 
experiment. Full optimization studies were not considered necessary 
at this stage due to time constraints*. 
2.6.2 Experimental 
2.6.2.1 Optimizing Cohedure RS (Resorcinol) proportions 
in gum and Carbon Black filled compound 
A literature recommended level of-Hexamethylene tetramine (68) 
of between 1.3 - 1.6 parts per hundred dry weight of rubber is 
normally employed in conjunction with 3-3.8 (phr) resorcinol and 
15 - 30 (phr) silica. However, in this investigation it was intended 
to determine the optimum proportion of resorcinol; from the literature 
Hexamethylene tetramine at a level of 1.8 (phr) was used with 15 (phr) 
precipitated silica in both gum and black rubber compounds as shown 
in tables 2.12'- 2.13. 
*To investigate optimization in depth, coefficients of variables 
have to be selected and more results. are required in accordance 
to the theory of experimental design. 
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Table 2.12 Optimization of Cohedure RS (Resorcinol) 
in Gum compound 
Mix No 
pbw 16 17 18 19 20 21 
NR - SMR5 100 100 100 100 100 100 
Zinc Oxide 5.0 5.0 5.0 5.0 5.0 5.0 
St. Acid 1.0 1.0 1.0 1.0 1.0 1.0 
WSP 0.5 0.5 0.5 0.5 0.5 0.5 
Coh. RS - 1.0 2.0 3.0 4.0 5.0 
HMT - 1.8 1.8 1.8 1.8 1.8 
Silica VN3 - 15 15 15 15 15 
Sulphur 2.5 2.5 2.5 2.5 2.5 2.5 
DCBS 0.7 0.7 0.7 0.7 0.7 0.7 
Table 2.13 Optimization of Cohedure RS in Black compound I 
Mix No 
pbw 22 23 24 25 26 27 28 
NR - SMR5 100 100 100 100 100 100 100 
HAF N330 30 30 30 30 30 30 30 
Zinc Oxide 5.0 5.0 5.0 5.0 5.0 5.0 5.0 
St. Acid 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
WSP 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Coh. 'RS 0 1 2 3 4 5 6 
HMT 0 1.8 1.8 1.8 1.8 1.8 1.8 
Silica VN3 0 15 15 15 15 15 15 
Sulphur 2.5 2.5 2.5 2.5 2.5 2.5 2.5 
DCBS 0.7 0.7 0.7 0.7 0.7 0.7 0.7 
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The mixes were vulcanized at 1700C and 90% cure time as 
determined by ODR. The selected properties of vulcanizates, 
tensile and tear strength, are expressed graphically for both 
series of unfilled and filled mixes as illustrated in figures 
2.7 and 2.8 respectively. The selection of the optimum level 
of Cohedure RS was made on the basis of tensile properties since 
they represent the total strength of the vulcanized rubber. In 
specialised product applications, e. g. tyres, the tear strength 
property is also equally important and should be used as the 
optimization criterion. 
A level of 3 pphr Cohedure RS is required to provide optimum 
tensile strength with 1.8 pphr Hexamethylene tetramine; all other 
ingredients are shown in tables 2.12 - 2.13. Different levels of 
Cohedure RS is required to produce optimum tear strength for gum - 
and black compounds; see figure 2.8, these are 4 phr and 2 phr 
respectively. 
2.6.2.2 Optimizing the Hexamethylene tetramine proportions 
in Gum and Carbon Black filled Rubber compounds 
The experimentally established optimum level of Cohedure RS, 
to produce maximum rubber tensile strength property (section 2.6.2.1. ). 
was then used as a starting point to evaluate the optimum level of 
Hexamethylene tetramine needed to be used to give maximum strength in 
a rubber cömpound. Various levels of Hexamethylene tetramine were 
incorporated into unfilled (gum) and filled (black) rubber compounds 
as shown in tables 2.14-- 2.15). 
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A similar method of result presentation to section 2.6.2.1 was 
applied. Graphs for unfilled and filled vulcanized rubber compounds 
shown in figure 2.9 imply that different levels of Hexamethylene 
tetramine are essential in gum and black mixes to achieve maximum 
tensile strengths. The best levels are 2.5 pphr Hexamethylene 
tetramine for gum compounds and a slightly higher proportion of BIT, 
3 pphr, for black compounds. It was found that for black compounds 
higher proportions of Hexamethylene tetramine in the compound provides 
no further gain in tensile properties: this should be considered 
against the knowledge that t90 (cure time) and t2 (scorch time) are 
found to be unaffected by increasing the proportions of Hexamethylene 
tetramine (figure 2.10). Also for black containing compounds the 
tensile product (tensile strength x elongation at break) remained 
unchanged after the optimum proportions of Hexamethylene tetramine 
had been employed (figure 2.11). In both gum and black rubbers 
excessive amounts of Hexamethylene tetramine in the vulcanized rubber 
inevitably caused blooms recognised as a white powdery particulate 
material on the cured rubber surface. It should be noted that for a 
carbon black loaded rubber compound a higher level of 3.0 pphr 
Hexamethylene tetramine, which is 0.5 pphr above the level for gum 
compound, is needed to provide the optimum tensile properties. It is 
a well known fact that carbon blacks possess chemically active groups, 
phenols and carboxylic acids, on their surfaces and these groups are 
reactive towards amines. The excess Hexamethylene, tetramine is 
considered to affect the activity of these chemical groups in the 
proportion of black (i. e. 30 phr) present in the rubber mix. 
Figure 2.12 shows that in order to achieve optimum tear. strength 
properties in these vulcanizates, considerably higher levels of 
Hexamethylene tetramine are required to be incorporated into a rubber 
compound with 3.0 pphr Cohedure RS. Also figure 2.12 shows that 
tear strength is still increasing even after 5-7 pphr Ilexamethylene 
tetramine has been added into gum and black compounds respectively: 
no tear strength maximum was obtained in this instance. 
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2.6.2.3 optimizing the quantity of phenol blocked diisocyanate 
in a carbon black filled compound 
The proportion of, diisocyanate in a carbon black filled rubber 
cured with a diurethane crosslinker was also experimentally optimised. 
, 
As with previous studies tensile and tear strength were used to 
represent the criteria for optimization. Formulation of the mix used 
is shown in table 2.16. 
Table 2.16 Optimization of phenol blocked diisocyanate 
proportion in diurethane vulcanization system 
Mix No 
pbw 50 51 52 53 54 55 56 
NR - SMR5 100 100 100 100 100 100 100 
HAF N330 30 30 30 30 30 30 30 
Zinc Oxide 5.0 5.0 5.0 5.0 5.0 5.0 5.0 
St. Acid 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
WG 3 3.0 3.0 3.0 3.0 3.0 3.0 3.0 
ZDC 2.0 2.0 2.0 2.0 2.0 2.0 2.0 
WSP 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Hylene 4715 0 1 2 3 456 
Novor 924 6.7 6.7 6.7 6.7 6.7 6.7 6.7 
The results of this investigation are displayed in figure 2.13. A 
. level of 4 parts of blocked diisocyänate is considered the optimum value 
needed to be incorporated into a filled rubber compound to attain the 
maximum physical properties of tensile strength and tear which were the 
optimization criteria. "A steady increase in-tensile strength-and tear 
properties is observed until an equilibrium value is reached with 
further incorporation of higher levels of blocked diisocyanate. 
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It is seen that proportions of blocked diisocyanate above a 
critical minimum value (4 phr) will all give maximum strength. It 
is thought that the diisocyanate is not needed for crosslinking of 
rubber but present in excess is likely to react with moisture to 
produce an insitu polyurethane which eventually would create a 
matrix dilution effect and hence the onset of an equilibrium in 
tensile and tear properties. 
2.7 Use of the Optimized Diisocyanate Level 
Having established the optimum levels of diisocyanate in a 
filled rubber compound, investigations were then planned to-study 
its use in short polyaramid fibre-rubber composites. 
This system, diisocyanate - diurethane, was considered a new 
area to be examined in depth. 
I 
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CHAPTER THREE 
SHORT FIBRE-RUBBER COMPOSITES 
3.1 Introduction 
The characteristics of polyaramid fibres have already been 
discussed in Chapter One. Their unique combination of properties 
namely high tensile strength, high modulus, toughness and temperature 
resistance have been compared with other common fibres used in the 
rubber industry. 
Fibres are initially produced in long filament forms and these 
are then transformed into fabrics by an interweaving process and used 
for rubber reinforcement. The long filaments can also be converted 
to short individual fibres or staple by cutting or chopping the former. 
Present technology shows that short fibres are used to reinforce 
rubber. The cutting method used to obtain polyaramid short fibres 
give much difficulty and necessitated much development which is now 
described. 
3.2 Cutting of Filament Aramid Fibre 
In order. to obtain short polyaramid fibres, the supplied filament 
type had to be cut or chopped to any desirable nominal lengths. The 
high strength of these fibres made them exceptionally tough and cut 
resistant. Ordinary razor blades or scalpel blades, which were supposedly 
sharp for surgical uses, were of little use in cutting the filaments. 
After a few cuts, the-order of ten times, these blades went blunt. These 
organic fibres were very resistant to cutting and also'abrasive towards 
the cutting edges of the blades. A special tungsten carbide type of 
blades, number 0.029*, was after many trials of different materials found 
to be the most suitable element to cut the filament fibre. Nevertheless. 
bluntness still became apparent after frequent use and the blades needed 
resharpening, this was carried out by sending them back to their supplier. 
*Dean Carbide's quote number 
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Tungsten carbide blades could withstand longer cutting periods than 
ordinary razor blades. Resharpened tungsten carbide blades had a 
similar life cycle of a new blade. They were specially ordered from 
Dean Carbide of the United States* with the particular type dimensions 
shown in figure 3.1. 
ý260 
A 
19.05 mm 
A= 31.75 - 76.2 mm 0.79 mm 
Figure 3.1 Dimensions of available tungsten carbide blades 
*Dean Carbide Company, 
Somerton Road and Old Lincoln Highway, 
Trevose (Pennsylvania) 19047, 
U. S. A. 
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The blades were mounted on to an aluminium holder with 
changeable inserts (figure 3.2) so that the blades could be 
adjusted to any position which enabled variable lengths of short 
fibres to be cut from the filament form. 
The holder head was then attached to a dumb bell cutter 
which provided the manual chopping mechanism as shown in figures 
3.3 and 3.4. 
This technique once developed was found to be easy and 
simple to handle and thus used throughout the research programme. 
Another method used was to freeze the filament fibre into 
its glassy state, then grind in a hammer mill and sieve to obtain 
the desired short lengths. Unfortunately Kevlar possessed a very 
low glass transition temperature, even lower than liquid nitrogen, 
hence the method was not practical. This was indicated by the 
physical nature of the fibre which remained flexible and fibrous 
after freezing. 
The short fibres obtained by the cutting technique were then 
used to reinforce rubber containing the blocked diisocyanate adhesive 
and diurethane crosslinker. 
3.3 Processing of Short Fibres 
Kevlar short fibres were considered easily incorporated into 
natural rubber during mixing on a two roll mill. As the fibre con- 
centration increased above 10% v/v of rubber the usual cutting 
technique across the length of the rolls with-an ordinary mixing"' 
knife became extremely difficult if not impossible. This further 
substantiated that these fibres were cut resistant. 
a- 
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Figure 3.2 Blade Holder with inserts 
A= Holder head 
B= Tightening screw 
C= Blade 
D= Changeable inserts 
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dumb bell cutter 
A= Handle 
B= Fibre 
1'tgUI 3. a j Iacit: hoIil¬ r at tartit il to 
94 
Figure 3.4 Chopping technique of dumb bell cut ter 
A= Blade holder 
B= Fibre 
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Processing become progressively difficult as the amount of 
fibres increases. Hence this could present a technological problem 
where a high level of fibre loading in the composite is required. 
At high fibre contents, mixing was allowed to take place without 
crossblending'and in this dispersion essentially depended on the 
shearing mechanism at the nip of the two roll mill to disperse 
and orientate the fibres along other compounding ingredients. 
3.3.1 Mixing Steps 
Mixing was initially done on a cold mill which rose in temperature 
up to 70 
0C 
on the completion of mixing. It was found necessary to start 
with a cold mill, to prevent bagging on the mill for mixes with high 
fibre contents. At, temperatures above 700C, rubber compounds with fibres 
tended not to form a coherent band on the rolls thus making subsequent 
addition of other ingredients difficult. 
The following mixing cycle was adopted: - 
Rubber SMR 5 
Fillers 
Activators 
Drying Agents 
Antioxidant 
Accilerator 
Short Fibres 
Bonding Agent 
Curing Agent 
The final mix was refined six times and sheeted out. The cure 
time was determined by the Oscillating Disc Rheometer (ODR), 
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3.3.2 Orientation During Mixing 
The occurrence of orientation during mixing could be experienced 
by the difficulty of cutting rubber across the length of the rolls. 
This was further illustrated by the relative difference in strengths 
in the unvulcanized rubber composite mix in that green strength 
along the direction of flow (machine direction) was very much superior 
to green strength perpendicular to flow direction or across the rolls. 
Moghe (69) has shown that orientation in the mill direction 
does not depend on the mill roll speed ratio and the number of mill 
passes. One pass was considered sufficient to orient the fibres. The 
extent of fibre orientation along the machine direction was governed 
by the nip opening. Nip separation between 1.25 and 1.5 mm was (69) 
shown to provide maximum orientation along the flow direction. 
All the mixing in this research was carried out at a nip 
separation of 1.25 mm. This figure was used when the fibres were 
already incorporated into the rubber and subsequently sheeted out. 
3.4 Experimental 
3.4.1 Short Kevlar Fibres with Blocked Diisocyanate as 
Bonding Agent 
Kevlar fibres of 15 mm length were used in this part of 
investigation. The effect of fibre contents in the composite 
on its ultimate properties was examined using a black loaded 
rubber compound (table 3.1) with a constant level of diisocyanate 
at 4 parts per hundred of rubber by weight; this was found earlier 
(section 2.6.2.3) to be the optimum level needed to be present in 
a rubber compound'to produce vulcanizates with optimum tensile 
and tear strengths. 'The ratio of concentration of fibre to rubber 
was'based on volume to volume percentage. 
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3.4.2 Optimizing Diisocyanate Proportions in Short Fibre 
Filled Rubber Composites 
Proportions of diisocyanate in the composite were also 
optimised with respect to amount of fibre in the composite. 
k 
Fibre contents of 10,30 and 60% volume/volume rubber were used 
together with a variable quantity of diisocyanate as demonstrated 
in tables 3.2 (i), (ii) and (iii). 
Table 3.1 Composites with variable fibre contents 
Formulation Mix No 
Dry wt (gms) 57 58 59 60 61 62 
NR SMR 5 100 100 100 100 100 100 
Carbon Black 
HAF Vulcan 3 30 30 30 30 30 30 
N330 
Zinc Oxide 5.0 5.0 5.0 5.0 5.0 5.0 
Stearic Acid 1.0 1.0 1.0 1.0 1.0 1.0 
ZDC 2.0 2.0 2.0 2.0 2.0 2.0 
Dessicant 
WG3 3.0 3.0 3.0 3.0 3.0 3.0 
Antioxidant 
WSP 0.5 0.5 0.5 0.5 0.5 0.5 
Kevlar 29 0 7.9 15.2 31.7 47.5 63.3 
Phenol Blocked 
. Diisocyanate 4.0 4.0 4.0 4.0 4.0 4.0 
Diurethane 
Novor 924 6.7 6.7 6.7 6.7 6.7 6.7 
t95 (mins) 
160°C 
.. 30.... 35- 1 21.... -30, - 
J.. 20. 
. 
30 
:ý 
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Table 3.2 Optimization of blocked diisocyanate in 
short fibre filled rubber composites 
(1) 10% Fibre Concentration Mix No 
Wt (gms) 63 64 65 66 67 68 
NR SMR5 100 100 100 100 100 100 
Carbon black 
HAF Vulcan 3 30 30 30 30 30 30 
Zinc Oxide 5.0 5.0 5.0 5.0 5.0 5.0 
Stearic Acid 1.0 1.0 1.0 1.0 1.0 1.0 
ZDC 2.0 2.0 2., 0 2.0 2.0 2.0 
WG3 3.0 3.0 3.0 3.0 3.0 3.0 
WSP 0.5 0.5 0.5 0.5 0.5 0.5 
Kevlar 29 15.8 15.8 15.8 15.8 15.8 15.8 
Phenol blocked 
diisocyanate 0 4 6 8 10 12 
Hylene 4715 
Novor 924 6.7 6.7 6.7 6.7 6.7 6.7 
tg5'mins) 
160 C 33 31.25 1' 32.0 30 25.25 22.75 
.1 
,, i 
f-' 
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(ii) 30% Fibre Concentration Mix No 
Wt (gms) 69 70 71 72 73 74 
NR S MR 5 100 100 100 100 100 100 
HAF N330 30 30 30 30 30 30 
'Zinc Oxide 5.0 5.0 5.0 5.0 5.0 5.0 
Stearic Acid 1.3 1.0 1.0 1.0 1.0 1.0 
ZDC 2.0 2.0 2.0 2.0 2.0 2.0 
WG3 3.0 3.0 3.0 3.0 3.0 3.0 
WSP 0.5 0.5 0.5 0.5 0.5 0.5 
Kevlar 29 47.5 47.5 47.5 47.5 47.5 47.5 
Hylene 4715 04 7 10 13 16 
Novor 924 6.7 6.7 6.7 6.7 6.7 6.7 
t (wins) 
@95160°C 25 25.5 19.5 24 25 23 
(iii) 60% Fibre Concentration Mix No 
`. _ 100 
1\ 
The composites were cured at 1600C. Their tensile and 
tear strengths were evaluated using a JJ Tensometer at a 
speed of 500 mm min-'. The results were expressed graphically 
(figures 3.11 - 3.12) and the optimum level of blocked diisocyanate 
for-a specific fibre concentration in a composite was determined 
from these plots by considering the maximum strengths of composites 
obtained for example, the optimum proportion of diisocyanate needed 
to be in a composite with 10% fibre volume is 4 parts (figure 3.11). 
3.4.3 Influence of Fibre Aspect Ratio on Composite Performance 
The influence of fibre aspect ratio on composite properties was, 
also examined. The filaments were cut into various short lengths and 
incorporated into the rubber compound during mixing. A 10% volume 
fibre loading was selected along with 4 parts of bonding agent. 
Table 3.3 shows the initial fibre lengths used. 
Aspect Ratio = 
fibre length 
fibre diameter 
Tensile strength and Youngs modulus of the vulcanized composite 
was tested along the direction of fibre orientation. 
f 
"ý 
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Table 3.3 Influence of initial aspect ratio of fibre 
on composite properti es 
Formulation Mix No 
Dry Wt (gms) 80 81 82 83 
NR SMR5 100 100 100 100 
HAF Vulcan3 N330 30 30 30 30 
Zinc Oxide 5.0 5.0 5.0 5.0 
Stearic Acid 1.0 1.0 1.0 1.0 
ZDC 2.0 2.0 2.0 2.0 
WG3 3.0 3.0' 3.0 3.0 
WSP 0.5 0.5 0.5 0.5 
Kevlar 29 15.8 15.8 15.8 15.8 
Hylene 4715 4.0 4.0 4.0 4.0 
Novor 924 6.7 6.7 6.7 6.7 
Initial fibre S 
length (mm) 5 10 
. 15 
30 
Initial aspect 
ratio 417 833 1250 2500 
t (mins) 95 ° © 160 C 23.5 23.5 23.5 23.5 
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3.5 Results 
The properties of polyaramid short fibres rubber composites 
are now examined. 
3.5.1 Properties of Composites with Unoptimised Diisocyanate 
Content 
3.5.1.1 Tensile Strength 
Composite tensile strength is found to be dependent on the volume 
of short fibres present in the rubber. An initial decrease in tensile 
strength at low fibre concentration is shown in the polyaramid filled 
rubber composite (figure 3.5). Krock (70) has already explained such 
behaviour due to the rubber matrix not being sufficiently restrained 
by enough fibres such that matrix dilution effects predominate. 
Subsequently the strength is much improved by increasing the fibre 
content without any inherent dilution effect, (detected by a reduction 
in tensile strength), at the maximum levels of fibres studied. 
Composite strengths are significantly raised after subjecting 
the composites to- a period of 7 days postcuring at. 70°C. These 
characteristics are in opposition to the normal behaviour of postcured 
natural rubber vulcanizates, These gains in composite strengths after 
such postcuring conditions could be attributed to additional diurethane 
and free diisocyanate undergoing further chemical reaction to result 
in more bond formations between Kevlar and rubber matrix and simultaneously 
to produce more crosslinks in the rubber matrix. This presumably reflects 
a non-optimum cure state initially in respect of strength properties 
despite the fact that the t95 cure state was used for specimen preparation. 
Tensile strengths of composites were found to be independent of the, 
test direction (table-3.4) which suggests that the fibres are oriented 
randomly possibly this may only happen when low fibre concentrations are 
used to reinforce rubber. 
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Table 3.4 Tensile strengths of composites containing 
5% v/v Kevlar away from the direction of 
fibre orientation (table 3.1 (58)) 
Tensile strPnvth llpvintinn from Tensile strength Deviation from 
MPa Orientation 
Direction 
13.0 0 
13.8 450 
13.0 900 
Cure temperature 1600C. 
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Figure 3.5 Postcured and Non-Postcured composite (table 3.1) 
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3.5.1.2 Elongation at Break 
Increasing the fibre concentrations in the composite, results in 
the reduction of elongation at break of composite (figure 3.6). Since 
the rubber is reinforced by short fibres and carbon black the elasticity- 
of the rubber is reduced and hence its toughness is significantly 
enhanced which is indicated by the reduction of elongation at break. 
Postcured composites show a similar trend to non-postcured samples but 
. 
with a slightly increased elongation at break. 
3.5.1.3 Youngs Modulus 
Youngs modulus of composite is also dependent on fibre concentration 
I 
(table 3.5) but the relationship is non-linear. 
Table 3.5 Effect of fibre concentration on Youngs Modulus 
(refer to mixes in table 3.1) 
Fibre % Youngs Modulus MPa Cure time for t95 
0 2.43 30 
5 24.38 35 
10 44.37 21 
20 75.28 30 
30 89.89 20 
40 95.48 30 
Cure temperature 1600C. 
With this experimental data, an equation of state relating composite 
Young's modulus to that of the rubber was derived. 
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Figure 3.6 Elongation at break of Composite 
against fibre contents, tested 
along fibre orientation direction (table 3.1) 
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Guth's (34) equation was applied: - 
E=E0 (1 +afc+ b52 c2) ...... 
(3.1) 
E= composite modulus 
E= rubber matrix modulus 
0 
f= fibre volume 
c= aspect ratio of fibre in composite 
a, b constants 
Substituting the experimental data into the equation, the 
constants a and b are found to be 0.33 and -7.67 x 10 
4. 
In the 
original Guth theoretical equation-the constant b is positive 
but in this instance the term b is negative. The appearance of the 
negative term is considered to denote fibre damage during the 
mixing operations. By observation it was found that the fibre broke 
down to approximately half its original length of 15 mm. Hence the 
modified Guth equation is then presented as follows: - 
EE (1 + 0.33fc - 7.67 x 10 
4f 2 
c2) ..... 
(3.2) 
0 
Using the derived equation, a theoretical Young's modulus (E) 
was calculated and the results are compared to the original experimentally 
obtained E. 
Though the experimental results are slightly higher than the 
theoretical prediction (figure 3.7), the deviation is only marginal 
and shown only when the fibre volume exceeds the 10% level. 
3.5.1.4 Energy Absorbed 
The ability of the composites'to absorb energy on impact was 
investigated by subjecting them to an impact energy test using the 
Charpy Impact Tester (figure 3.8) see Appendix 1. Samples of. 
dimensions 5 cm x1 cm xt em where t is the thickness of the specimen, 
were exposed to a swinging pendulum, of known load at its 5 cm x1 cm 
face. The force required to bend the composites and displaces them 
from their seat is taken and compared to a calibrated, energy chart 
to obtain the energy at* impact. Ability of these composites to withstand 
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Figure 3.7 Youngs modulus against 
fibre content (table 3.1) 
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impact is expressed in the form of bending stress using the equation: - 
Bending stress = 
bending energy Nm 3 
volume of sample m 
= Nm 
2 
It was found that bending stress of the composites increase linearly 
with fibre content as shown in figure 3.9. The incorporation of Kevlar 
short fibres into filled rubber compound is seen to cause an increase in 
stiffness of the final composite, due to the intimacy of contact between 
fibres and rubber. Stiffer composites are capable of withstanding 
higher, impact forces. 
3.5.1.5 
. Composite Hardness 
The hardness of composites is dramatically increased with the level 
of Kevlar fibres incorporation upto a limit where their hardnesses reach 
an equilibrium level on further incorporation of Kevlar short fibres 
(table 3.6). This equilibrium is considered to be at the 30% v/v fibre 
content. Hence aramid fibres are effectively seen to be able to reinforce 
rubber and subsequently increase its hardness. 
Table 3.6 Hardness of Kevlar Filled Rubber Composites with 
Fibre Concentration (table 3.1) 
Fibre. Content v/v % Hardness IRUD 
0 52 
5 74 
10 86 
20 90-92 
30 92-93 
40 94-95 
Cure temperature 1600C 
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Figure 3.8 Charpy Impact Tester 
A= Pendulum 
B= Sample Seat 
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Figure 3.9 Bending stress of composites 
against fibre content (table 3.1) 
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3.5.1.6 Tear Strength 
Resistance to cut propagation tearing is also increased with 
increasing fibre content in the vulcanized composite (figure 3.10). 
The presence of short fibres mean that high energy is required to 
fully tear the composites; this is also a feature of woven fabric 
reinforced rubbers. There are signs that tearing energy can reach 
a plateau as shown when the fibre loading exceeds the 30% level. 
3.5.2 Effect of Optimizing Blocked Diisocyanate in a 
Composite with respect to Tensile Strength 
It was determined earlier in Chapter 2 section 2.6.2.3 that a 
specific level of 4 pphr of diisocyanate is needed to be incorporated 
into a filled rubber compound to achieve good bonding between filament 
Kevlar and rubber and also to improve the rubber vulcanizate properties 
to their maxima. For short fibre rubber composites, the level of 
diisocyanate maybe needed to be raised above the already fixed level 
of 4 pphr used in the preceeding investigation (3.5,1) to appreciably 
improve the composite physical properties. Experimental results 
expressed graphically (figures 3.11 - 3.12) disclose the necessity 
to increase the level of bonding agent in the composites to attain 
good bonding between Kevlar and rubber which is responsible for the 
betterment of composite properties. 
Propositions are then able to. be made on the expected amount 
of bonding agent required to be introduced into rubber short fibre 
composites with a particular fibre concentration to obtain a maximum 
property criterion, e. g. tensile strength (figure 3.13). A linear 
relationship is shown'to exist between blocked diisocyanate content 
and the fibre concentration after a regression analysis statistical 
method was adopted to correlate all 'the experimental points using 
Casio Fx 502 -P machine and JFS 117 (71) programming technique and the 
results obtained are shown in table 3.7. 
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3.5.2.1 Effect of Optimization of Diisocyanate on 
Tensile and Tear Properties of Composites 
Undoubtedly these two parameters are very much improved', as the 
diisocyanate proportions are optimised in the composites as illustrated 
in figures 3.14 and 3.15. It is seen that raising the diisocyanate ' 
content above the 4 pphr limit is likely to create more bonding between 
fibres and rubber which in turn enhances the composite's physical 
properties. 
ra 
Table 3.7 Regression Analysis Technique used to obtain 
the best straight line 
Fibre Content Blocked Blocked Fibre Content 
(%) Diisocyanate Diisocyanate (%) 
x y y x 
0 4 4 0 
10 4 4 10 
30 10 10 30 
60 13 13 60 
Regression y on x Regression x on y 
Correlation Coefficient Correlation Coefficient 
r=0.96591 r = 0.96591 1 
y= Ax + B, A=0.16429 xA1y+ B1, A1=5.679 
B=3.6429 B1 = -19.01 
observed observed 
x y y yx x 
0 3.643 4 4 3.703 0 
10 5.286 4 4 3.703 10 
30 8.571 10 10 37.77 30 
60 13.50 13 13 54.81 60 
S. D. = 2.836 
y=0.16429x + 3.6429 x=5.679y - 19.01 
Y=0.17609x + 3.3478 
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Figure 3.11 Optimization of Phenol Blocked Diisocyanate in Composites 
with respect to Tensile Strengths (table 3.2) 
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3.6 Post-treatment of Composites 
3.6.1 Effect of Heat (Hot Air) on the Tensile Strength and 
Elongation at Break of Composites 
It has been pointed earlier (figure 3.5) that there is a 
significant improvement on these properties after the composites 
have been exposed to hot air for one week at a temperature of 
70 C. It is likely that unreacted diisocyanates are undergoing 
further chemical reactions during this period to enhance bonding 
between fibre and rubber, and this extra heating also promotes 
rubber crosslinking. 
3.6.2 Effect of a Prolonged Heat Treatment Period at 70°C 
in Hot Air 
Dissimilar trends of tensile behaviour are shown by different 
levels of fibre content in the composites with unoptimised blocked 
diisocyanate proportion. Tensile strengths of composites with 4 
pphr diisocyanate are inclined to increase after a weeks heat-treatment 
and on further exposure to these conditions, this property is either 
stabilised or-reduced (figure 3.16). Nevertheless full stabilisation 
of tensile is achieved after two weeks post treatment though it may 
or may not be lower than the original tensile before treatment. It is 
assumed. that full utilisation of diigocyanate takes place in the first 
period of post hot air treatment as indicated by the enhancement of 
tensile property. After this period, degradation of the rubber matrix 
takes place but only slightly which is shown by the maintenance of an 
equilibrium tensile strength. Reduction in tensile of the composite, 
with 60% v/v of fibre'with optimised level 6f`diis0cyanate, `is again 
a characteristic of matrix degradation. 
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Figure 3.16 Effect of hot air post-treatment on tensile 
strength of composite (tables 3.1 - 3.2 (iii)) 
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3.7 Influence of Initial Fibre Aspect'Ratio on Composite 
Strength 
It was mentioned earlier in section 1.4.2 that composite modulus', 
increases linearly with fibre aspect ratio. A similar effect is also 
encountered in Kevlar-Rubber composites. However, this linear relation- 
ship is only obeyed up to certain values of initial fibre aspect ratio 
after which the composite strength decreases linearity (figure 3.17). 
Progressive strengthening of the rubber vulcanizates takes place with 
increasing fibre aspect ratio until a maximum value is reached after' 
which the strength of the composites falls quite significantly. Higher 
aspect ratio fibres are considered unsuitable for rubber reinforcements. 
They tend to buckle or crimp during the processing stage and are 
difficult to evenly disperse in the rubber matrix thus causing scattered 
reinforcing points to be developed in the rubber matrix. At an initial 
aspect ratio of 1250 (15 mm length) or possibly between 1250 - 2000 the 
matrix is fully restrained as indicated by the maximum composite modulus 
and tensile strengths. This investigation is limited with respect to 
its ability to identify the optimum aspect ratio due to the difficulty 
in cutting the fibres into specific, lengths. The specific aspect ratio 
investigated were 417,833,1250 and 2500: it is realised that the optimum 
value of aspect ratio may not have been identified. 
3.8. Bond Evaluation 
3.8.1 Scanning Electron Microscope 
Broken test pieces were used as test specimem of 2 mm thickness 
and examined along the fracture surface on the scanning electron 
microscope to examine-the type of bond failure in the composites'. 
Microphotographs (figures 3.18 and 3.19) reveal that in cases 
where rubber-rubber type of bond failure has taken place, then a dark 
fibre is shown. If no bonding has actually happened, fibres of bright 
appearance are shown to exist. 
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These results conform with those found earlier in Chapter 2, 
Section 2.4. It can be concluded from these examinations that a 
chemical bond between fibre and rubber has been formed when the 
diisocyanate bonding agent and diurethane curing system are used in 
rubber compounds. This inference needs further chemical examination 
(see later). 
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Figure 3.17 Effect of initial fibre aspect ratio 
on composite strength tested along 
fibre orientation direction (table 3.3) 
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f'tp; ureý 3. I M icr')pl )to graph of compOý-, 1tt Willi 
60% fibre and 19 parts diisocyanate(table 3.2 (78)) 
bonding agent. SEM magnification 22k 
A= Black fibre covered with rubber to indicate 
the rubber/rubber type of bond failure 
BT Bright fibres to indicate no bonding is 
achieved between rubber and fibre 
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Fi gure 3.19 Microphotograph of composites with 
60% fibre and 19 parts diisocvanate (table 3.2 (78)) 
bonding agent. SEM magnification 550 
A= Black fibre covered with rubber to indicate 
the rubber/rubber type of bond failure 
B= Bright fibres to indicate no bonding is 
achieved between rubber and fibre 
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CHAPTER FOUR 
RUBBER - FILAMENT KEVLAR LAMINATES 
4.1 Introduction 
The terminology rubber fibre composites is not restricted 
specifically to short fibre reinforced rubber but can also be applied 
to rubber laminates reinforced by filament fibres. Such laminates 
usually comprise one or more layers of filament fibres embedded 
between layers of the rubber matrix (see figure 4.1). 
FIBRE 
Figure 4.1 A typical rubber laminate. Filament 
fibres are embedded between rubber matrices 
The filament fibres can be arranged in a multiplicity of directions 
in such a laminate and their prime function is'to form the directional 
strength member of thb"fi'nishod rubber product in e. g. hoses, tyres 
and belting. The major purpose of lamination is to tailor the directional 
dependence of strength and stiffness of the rubber product to match the 
loading environment of the structural element. Laminates are well suited 
to this objective since the principal axis of each layer can be oriented 
according to the design needs of the product. 
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The most important and also the most difficult problem associated 
with the fabrication of laminated materials, is the production, of good 
adhesion between the fibres and the matrix. The bond formed between the 
two components determines the ultimate properties of the laminates since 
the transfer of load is one of the main objectives 'in reinforcing the 
weaker rubber matrices by high modulus, high strength fibres. Without 
bonding there is no transfer of load to the fibres and hence no reinfor- 
cement indeed on the contrary the fibres behave as holes inside the 
rubber matrix. 
Bonding between fibres and rubbers can be achieved by various 
methods as already detailed in earlier chapters. The bonding and curing 
system of diisocyanate-diurethane for rubber, established earlier, is 
now applied to the field of rubber laminates whose properties are now 
examined. 
4.2 Experimental 
4.2.1 A special mould was designed for the study of these laminates 
A compression mould was designed specially for this part of 
research on rubber fibre laminates. It was a two part mould plus'a 
metal frame which was placed between the top and bottom halves of the 
mould as shown in figure 4.2. 
Teeth,. 0.7 mm wide, were cut into the frame along its length 
to hold the fibres in position and tension during vulcanization. Fibres 
in various orientation alignment positions could be used to provide 
strength to the matrix but, for this work, fibres oriented at 900 to 
the length. of the metal frame were used in the.. construction. of. single 
and multilayer fibre filaments which would similarly show up in the 
vulcanized laminates. Multilayer fibre filaments were compiled by wind- 
ing the fibre filaments lengthwise over the teeth of the metal frame 
and this layer was then followed by another layer at right angles to 
the first layer (i. e. along the opposing frame length). The filaments 
were then at 900 to one length of the frame and also to each other 
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Figure 4.2 Special mould designed for the study 
of rubber-fibre laminates 
A= compression mould 
B= moulding region 
C= metal frame 
D= teeth of 0.7 mm width cut into the frame 
Enlarged view of D 
FRAME 
0.7 mm WIDTH TEETH 
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(figure 4.3) to give a final laminate of layers of fibre filament 
with 00/90 
/0o configuration. 
I 
Oo 
00 
io 
0 
Figure 4.3 Demonstrates the construction of 
multilayer fibre filaments 
0 
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4.2.2 Rubber compound used for the study of laminates 
properties 
The following rubber formulation was employed: - 
Mix No 
Formulation (pbw dry) 84 
Natural Rubber SMR 5 100 
Carbon Black HAF N330 30 
Zinc Oxide 5 
Stearic Acid 1 
Dessicant Caloxol WG3 3 
Accelerator ZDC 2 
Antiozonant Nonox ZA 0.5 
Blocked Diisocyanate 
(Hylene 4715) 4.0 
Diurethane (Novor 924) 6.7 
4.3 Rubber-Kevlar Laminates 
4.3.1 Rubber-(Kevlar)-Rubber Laminates 
n 
n=0 to 8 layers of filaments 
Kevlar filaments were wound round the metal framce in tension 
to form a structure which was in the form of multiple layers of 
Kevlar filaments aligned perpendicularly to each other. An even 
number of filament layers, 2,4,6 and 8, were investigated and this 
number of layers will produce fibre to rubber volumes of 9.7,19.4, 
29.1 and 39.6 respectively. An unvulcanized sheet of rubber-compound 
was wiped with solvents, successively acetone and trichloroethylene, 
and placed on the. top and bottom of the multiple layers of Kevlar 
filaments. These laminates were then vulcanized at 160°C using the 
cure time for a 95% cure, plus an additional heat transfer time of 
5 minutes, determined from Oscillating Disc Rheometer. (ODR) data. 
i 
', 
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4.3.2 Rubber-(Kevlar-Rubber) 
n 
laminates 
n=0 to 8 multiply layers of Kevlar filaments 
and rubbers 
Laminates were formed from cleaned unvulcanized sheets of 
rubber placed between each layer ofKevlar filaments and cured 
for 35 minutes at 1600C. This included 5 minutes of heat transfer 
time at an apparent or nominal moulding pressure of 10 kg mm 
2 
since it is difficult to tell how much load is taken by the rubber. 
The vulcanized laminates were stored for 24 hours minimum prior 
to testing. 
4.4 Test specimen preparation 
4.4.1 Tensile strength test pieces 
Test specimens were cut out from the vulcanized laminates along 
the fibre orientation direction, accordingly to BS 903 Part A2. The 
test was performed at a speed of 20 mm min 
1 
on a JJ tensometer. 
4.4.2 Bending stress specimens 
Test samples were cut out from the cured laminates along the 
fibre alignment position using a cutter of 5 cm x1 cm dimensions. 
The cut specimens were subjected to an impact'test at the 5x1 cm 
face using ä Charpy Impact Tester (figure 3.8). This test technique 
is described in detail in Appendix 1. The energy needed to displace 
the samples from their seat was recorded and the bending stress 
calculated as follows: - 
Bending Stress = 
bending energy Nm 
_ Nm 
volume of sample m3 
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4.5 Tensile Yield Strength* of various Laminates 
The laminates were found to exhibit two types of strength 
characteristics, the yield strength and ultimate strength before 
the matrix ruptures (figure 4.4). Stress increases with applied 
strain up to a maximum level and then drops to a limit below this 
maximum at which 'creep-yield' occurs and after which the stress 
does not increase upon additional strains' applied until a'point 
of rubber break is reached. The maximum stress or yield tensile 
strength of laminates indicates that bond rupture between fibre 
and matrix has occurred and this is then followed by the elongation 
of the rubber matrix until its breaking point is reached (see 
figure 4.4). 
'VT LVT T\* 
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r, 
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a 
ý: 
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Strain % 
ENGTH 
Figure 4.4 Typical Stress Strain Curve of 
Rubber-Kevlar Laminates 
N 
Yield'strength of Rubber-Kevlar laminates vary according to the 
number of layers of Kevlar fibres in the laminate (see figure 4.5). In 
figure 4.5 the up and down trend of yield properties possessed by the 
laminates is considered to be a feature of fibre ply slippage. This 
trend is independent of laminate construction irrespective of whether 
force need to rupture the bond 
between fibre and rubber 
*Tensile Yield Strength = cross sectional area of test piece 
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rubber is placed between each ply of Kevlar filaments. However, 
differences in the yield strengths of the two forms of laminates, 
Rubber-(Kevlar) 
n -Rubber 
and Rubber-(Kevlar-Rubber) 
n, 
still prevail . 
The presence of rubber between each ply of Kevlar filaments 
increases amount of" adhesion surfaces from these fibres hence chances 
of bond rupture between the filaments and the , rubber matrix 
is also 
increased. Poor bonding in any area would result in the laminate 
possessing low yield strengths. 
4.6 Youngs Modulus of various Laminates 
The Young's Modulus of these laminates (figure 4.6) is also 
characterised by an up and down trend similar to that seen with 
tensile strengths and this is also considered to indicate fibre 
rubber slippage phenomenon to occur in the laminates when an 
extensional force is applied. 
The introduction of rubber between each ply of Kevlar filaments 
provides flexibility in the laminates thus reducing their stiffnesses. 
This factor is demonstrated in figure 4.6 which illustrates the 
superior properties exhibited by the laminates of, Rubber-(Kevlar)n 
Rubber than those of Rubber-(Kevlar-Rubber) 
n- 
types. 
I 
Nevertheless, Youngs Modulus of these laminates are still lower 
than short fibre reinforced rubber composite. 
4.7 Bending Stress of the various types of Kevlar Laminates 
The ability of these laminates to withstand impact fbrce was also 
investigated using the Charpy Impact Tester. Results are given in 
figure 4.7 where it can be seen that laminates with rubber placed 
between each layer of Kevlar fibres, 
[Rubber-(Kevlar-Rubber) 
type], 
n 
exhibit a superior, impact property to the other form of laminates, 
Rubber-(Kevlar Rubber]. The presence of rubber between each ply 
of Kevlar is considered to push the fibres away from their neutral 
plane and this effectively increases the bending stiffness of these 
laminates. This type of test is also considered to be an indication 
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Figure 4.6 Young's modulus of laminates against volume 
of'Kevlar fibres in them 
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indicate their ability to absorb impact energy 
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E 
of the flexural stiffness of laminates. 
The flexural test, which is widely used and appears to be very 
simple is, in fact, complex and often poorly understood (72) since 
this complexity is increased by the presence of material non linearity. 
Weibull (73 - 74) pointed out that the strength of brittle materials 
is strongly dependent on volume and stress distribution of the specimen. 
Possibility of specimen size affecting the strength of laminates was 
further suggested by Kies (75) and Riedinger et al (76). 
Bullock (77) arrived at an equation relating the ratio of maximum 
bending stress to tensile stress as shown below: - 
Sb 
= 2(m + 1) 
2 
Vt 
k 
.......... (4.1) S t Vb 
m= material constants 
Sb = maximum bending stress 
" St = uniform tensile stress 
Vt = specimen of volume Vt subjected to 
uniform tensile stress St 
Vb = length x width x depth is the loaded 
volume of the flexural specimen 
The equation is difficult to apply to calculate a theoretical 
bending stress of these flexible laminates since the tensile strengths 
obtained. (figure 4.5) for these laminates are not linearly dependent 
on the fibre volume or layers of Kevlar filaments. Moreover, the 
neutral axis governs the property of these laminates since it was shown 
the dissimilarity of results of both types of laminates investigated. 
Overall, the ability of these laminates to resist an impact force 
is still lower than rubber composites reinforced by Kevlar short fibres 
tested perpendicular to the direction of fibre orientation; these latter 
volume of the flexural specimen 
r 
cr 
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composites are much stiffer and tougher than the former, laminates, 
for equal fibre volumes (figure 4.7). This enhanced impact resistant 
property for short fibre rubber composites is considered to occur 
because fibres are intimately in contact with the rubber and it is 
also well distributed throughout the thickness of the composites. 
4.8" Post Treatment of Rubber-Kevlar Structures 
, In attempts to further improve adhesion between rubber and 
Kevlar fibre two post-treatments were investigated; heat-treatment 
and high energy radiation exposure. 
4.8.1 Heat Treatment 
Introduction 
The laminates were subjected to heat treatment by postcuring 
as a means of promoting bonding and enhancing the laminates' properties. 
It was shown earlier in section 3.5.1 that a Kevlar composite's 
tensile strength was improved after it had been exposed to hot air 
postcuring at 700 C. 
4.8.2 Effect of Heat Treatment Laminates for 1 Week 
at 700. C in Hot Air. 
Tensile yield strengths of the two types of laminate construction 
were found to increase but without any deviation from the original up 
and down trend of figure 4.5. This increase in tensile yield strength 
is attributed to cure state being optimised by heat treatment as a 
result of this hot air exposure or. it could be due to an improved adhesion 
bonding occurring during this heat treatment process. Either of these 
changes is considered to be capable of ultimately increasing the tensile 
yield strengths of the laminates (table 4.1). - 
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Table 4.1 Increase of Yield Strength on Heat Treatment 
For 1 Week at 700C in Hot Air 
No Of 
Plies of Kevlar Yield Tensile Strength MPa 
Fibre Filament 
Unaged Aged 
No Ply Ply** No Ply Ply** 
2 30 - 30 - 
4 27 20 29 29 
6 70 41 82 48 
8 51' 29 76 36 
4.8.3 Effect of High Energy Radiation on the Adhesion Strength 
of Rubber-(Kevlar)2 Rubber Laminates 
Exposing Rubber-(Kevlar)2-Rubber laminate to high energy Gamma 
radiation using a Co60 source was found to improve the quality, of 
adhesion between rubber and Kevlar once a certain minimum value of 
Gamma dose was used. Two test procedures were used to evaluate this 
adhesion; peel test and the H-Cord direct tension method. 
(1) Peel Tests 
A rubber compound containing carbon black filler and the bonding 
and curing system of diisocyanate, and diurethane was used to make up the 
Rubber-(Kevlar)2-Rubber laminate. By experiment a Gamma dose of 25 
Mrads was found needed to improve the quality of rubber to Kevlar 
adhesion (table-'4": "2); " Tables 4.2"and'4.3' show respectively the, mechanical 
rupture strengths to shear rubber from the Kevlar fibres. Where 100% 
* No rubber between each layer of Kevlar 
** Rubber/Kevlar/Rubber ply system 
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rubber coverage is reported these adhesion strength represent, 
failure within the rubber itself. It can then be seen that only 
25 Mrads is a big improvement obtained in adhesion between Kevlar 
and rubber but this is simultaneously accompanied by a large 
reduction in the strength of the rubber itself. 
The apparently lower bond strength of table 4.2 after such 
radiation treatment possibly does not represent reality as perhaps 
a higher adhesion levels are really achieved; this is shown by 
observation of the interfacial debonded interfaces which reveal 
a 'within rubber' adhesion failure phenomenon. This result, however, 
does not allow one to conclude that further improvement of adhesion 
has occurred after such Gamma radiation exposure. Percentage (%) 
peel is given in table 4.3. This data also indicates that a degree 
11 
of rubber degradation, after prolong exposure to Gamma radiation, 
occurs and this degradation is large at the 25 Mrads dosage.. The peel 
tests probably show that Gamma radiation might promote the Kevlar/rubber 
bonding process and that 25 Mrads is perhaps, the minimum critical 
dose at which adhesion occurs. 
The following mechanism. is proposed to explain these observations. 
It is believed that initially, degradation of the chemical bonds formed 
between rubber and fibre occurs and simultaneously further crosslinking 
of'rubber is taking place; both these are thought to have been initiated 
by the free radicals created insitu in the rubber compound during the 
radiation process. This process initially improves the rubber vulcanizate 
properties. However, on prolonged exposure of this laminate to Gamma 
radiation, the opposite effect takes place namely improvement of adhesion 
quality and degradation of the rubber as indicated by the easier tearing 
of the vulcanized rubber at higher radiation doses. It is postulated 
(77) that free radicals formed in both rubber and fibre have considerable 
mobility due to their high energy states and can diffuse into each 
other's territory and react together to form covalent bonds between rubber 
and fibre. The presence of two parts of antidegradant. in the rubber 
compound is considered insufficient to maintain the original strength of 
rubber before it undergoes degradation due to high energy radiation 
exposure. 
ii 
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(2) H-Cord Direct Tension Method 
A comparative investigation using H Pull Test samples further 
elaborates the phenomenon that occurred when these laminates are 
subjected to high energy radiation. The quality of adhesion improves 
after a radiation dose of 25 Mrads is consumed by these materials. 
Further exposure to a higher dose of Gamma radiation will increase 
adhesion still further but the rubber vulcanizate itself degrades 
which is shown by the low bond strength (figure 4.8). 
The following chemical reactions are postulated to be involved 
during the high energy radiation process; 
(i) At low doses of high energy radiation bond damage 
and rubber crosslinking occurs. 
R-K R" + K" (bond damage) .... 
(4.2) 
R" + R. RR (rubber 
crosslinking) ... (4.3) 
(ii) At higher doses of high energy radiation rubber degradation 
and increased bonding occurs. 
R-R -)- R" + R. (rubber 
degradation) ... (4.4). 
R" + K" RK (increase 
bonding) ...... 
(4.5) 
R= Rubber 
K= Kevlar Fibre 
143 
Table 4.2 Effect of Gamma radiation on quality of 
Adhesion of Rubber-(Kevlar)2-Rubber Laminate 
Adhesion Peel Strength N/25 mm 
Rubber Compound of Section 4.2.2 
with diurethane diurethane diurethane + 
Gamma doses +2 parts Nonox diisocyanate diisocyanate + 
Mrads ZA (No anti- 2 parts Nonox ZA 
degradant) 
0 62 102 96 
5 60 98 75 
10 57 96 75 
15 45 68 51 
25* 40 57 40 
30#. 37 60 37 
*at 25 and 30 Mrads: rubber tear instead of adhesion failure 
I 
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Table 4.3 Percentage of peeling before rubber tearing occurs 
length before rubber tears 
peeling = 
total length of adhesion area 
(i. e. the amount of rubber torn from 
the fibre) 
Rubber Compound of Section 4.2.2 
Gamma with diurethane diurethane diurethane + 
doses +2 parts Nonox diisocyanate diisocyanate 
Mrads ZA 2 parts Nonox ZA 
0 100 100 100* 
5 100 100 100 
10 100 100 100 
15 100 100 100 
25 65 50 11 
30 18.5 15.7 10.5 
* corresponds to bond failure between rubber and Kevlar. 
** corresponds to within rubber failure: Kevlar/Rubber 
bond remains intact. 
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Figure 4.8 Effect of Gamma radiation on the 
quality of adhesion between Kevlar 
and rubber using the H Pull Test method 
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CHAPTER FIVE 
CHEMISTRY OF BONDING AND VULCANIZATION 
5.1 Introduction 
Work carried out earlier has shown that good adhesion between 
Kevlar and rubber is achieved when diisocyanate bonding system is 
employed in conjunction with the diurethane crosslinking agent 
(Novor 924). The physical properties of composites are further 
enhanced especially when an optimized level of diisocyanate is used 
for a specific fibre volume (figures 3.11 - 3.15). For a fuller 
understanding of rubber reinforcement by polyaramid fibres it is 
thus necessary to ascertain the actual type of bonding, chemical or 
physical, between the two materials concerned. Such a finding would 
enable the chemistry of bonding and vulcanization to be derived for 
both Kevlar and rubber. 
5.2 Infra Red Study of Kevlar Fibre 
Only the potassium bromide disc method was found suitable to 
be used to obtain a satisfactory infra red trace of Kevlar. Kevlar' 
fibre was ground with KBr and compressed under vacuum to obtain the 
disc. It is worth mentioning that there is a limitation to this 
method's usefulness in that the amount of fibre present should not 
. exceed 
0.0001 gm as above this specific weight an erratic trace is 
obtained (figure 5.1) especially in the region of 1250 wavenumber 
and above due to poor transmission. In contrast a smooth trace is 
shown when, the above., specißied-. level.. ot. f fibre- is used. (figure, 5.2). - 
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The presence of peaks in the trace were characterised as, 
follows: 
Wavenumber cm 
1 Groups 
830 amide IV, hydrogen bonded 
20 amides 
1300 amide III group motion 
C-N, N-H, C-C vibrations 
amide II band combined 
1500-1550 motion of N-H band, 
C-N stretch 
1610 amide I band 
)C 
=0 
stretch 
The assignment of these groups for Kevlar fibres are similar, 
to what was originally found by Lynn (78). Investigations were 
then extended to heating this Kevlar fibre with the bonding agents 
and curing systems to determine the types of bonds created. 
5.3 Effect of Heating Kevlar with Phenol Blocked'Diisocyanate 
at"the Vulcanization Temperatures 
Heating of these two materials (Kevlar and Phenol Blocked 
Diisocyanate) was carried out in a round bottom flask at vulcaniza- 
tion temperatures of 150"- 200°C for 30 minutes to simulate an 
actual curing process. A ratio of 4 pphr diisocyanate to 10 pphr 
Kevlar fibres was used, this is similar to-that used in the 
composite experimental work (section 3.5.2.1). The 4 pphr was the 
optimised level of diisocyanate for 10% volume of Kevlar fibres in 
rubber. After the heating process, the residue was washed with 
dimethyl formamide to completely' remove any unreacted diisocyanate 
and dried at 70°C. An infra red study was carried out on this heated 
and NCO treated fibre. 
I 
/ý 
I 
. ý, 
` r, 150 
Heating Temperature Active Groups Present 
On Kevlar 
none, IR trace of 
"150°C original Kevlar 
(figure 5.2) 
present, 
_ C=N @ 1600 cm_1 
160-170°C C=O 0 1720 cm-i 
C-N 0 1240 cm 
present, 
200°C C=0 disappears 
C=N © 1600 cm 
The trace obtained could have been a diffusion reaction or a surface 
chemical reaction, however, the high crystallinity of the Kevlar 
coupled with its high melting point makes. the former case unlikely. 
The heating of the two materials is thought to involve a 
chemical reaction which is believed to be as follows: 
By experiment a minimum heating temperature of 1600C was considered 
necessary to activate the reaction between Kevlar and free diisocyanate. 
It was found that the unblocking temperature of phenol blocked 
diisocyanate of 1500C has to be exceeded before any chemical reaction 
is activated between it and the Kevlar. Infra red study of the 
Kevlar/NCO reaction product reveals the creation of active groups on 
the Kevlar fibres as given in table 5.1; these are additional to those 
groups characterised earlier in section 5.2. 
Table 5.1 Heating Kevlar with Phenol Blocked Diisocyanate 
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It is proposed that within the temperature range of 160 - 1700C 
see figure 5.3, two types of reaction products are encountered 
type 1 and type 2 (this latter being allophanate) (79). On raising, 
the heating temperature to 2000C, the type 1 reaction- dominates as 
type 2 reaction product is considered to change to type 1 with the 
evolution of carbon dioxide (80). The carbon dioxide is removed from 
the rubber as it is able to react with the dessicant, calcium oxide 
present in the rubber compound and form calcium carbonate which then 
remains as an inert white filler in the composites. This observation 
explains the non-porous composites obtained during vulcanization 
using blocked diisocyanate/urethane combinations. 
5.4 Effect of Heating Diurethane (Novor 924) with Kevlar 
at a Temperature of 160 - 1700C 
Diurethane and Kevlar were heated together under the identical 
conditions of section 5.2. This heated mixture of diurethane and 
Kevlar was washed with dimethyl formamide solution to remove unreacted 
diurethanes (Novor 924) and the Kevlar was dried at 700 C. An infra 
red study was carried out on the dimethyl formamide washings and also 
on the dried treated Kevlar fibre using the KBr disc technique. 
When the diurethane (Novor 924) is heated with Kevlar, as described 
before, it was observed that the diurethane was unreactive towards the 
Kevlar fibres. This is deduced by: 
(i) the existence of a free isocyanate functional group 
at-2300 cm 
1 in the DMF washings (figure 5.4). 
(ii) an infra red trace of, the original Kevlar (figure 5.2) was 
obtained which showed no other chemical functional groups 
present. Hence it is concluded that the only use for the 
diurethane in the diurethane/blocked diisocyanate adhesive 
mixture, is to crosslink the rubber and that there is no 
reaction between the decomposed diurethane reactants and 
the Kevlar fibres. 
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5.5 Effect of Heating Kevlar Fibres with Phenol Blocked 
Diisocyanate and Diurethane at 160 - 1700C 
In this experiment the above reaction was performed and again 
non-reactivity of the diurethane towards Kevlar was observed. The 
whole heat treated mixture was washed with dimethyl formamide solution. 
Kevlar fibre was dried at 70°C and an infra red study on this treated 
Kevlar was carried out using KBr disc technique. An infra red study 
of the dimethyl formamide washing was also done using NaCl disc. 
Infra red study on the diurethane/blocked NCO treated Keviar shows the 
presence of active groups similar to those present in Kevlar treated 
with diisocyanate alone. 
The following explanation is advanced for these observations. 
During the vulcanization of rubber, diisocyanate from the 
phenol blocked diisocyanate is theoretically capable of being 
utilised for crosslinking the rubber in addition to crosslinking 
from the diurethane crosslinker (Novor 924) already present 
specifically for this purpose. Hence the efficiency of the blocked 
diisocyanate as a bonding agent is considered reduced. This 
deficiency is overcome by adding more blocked diisocyanate to the 
rubber compound than is required by theory. This supports xhe earlier 
findings shown in section 3.5.2.1 that the composite strength 
properties were considerably enhanced when an optimised level of 
diisocyanate is employed for a specific fibre loading in a rubber 
compound. The optimised proportion of diisocyanate is considered 
required to complete the whole chemical reactions involved, which can 
be summarised as follows: 
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Kevlar + Diisocyanate + Diurethane + Rubber 
(K) (R) 
160 - 1700 c 
R 
R 
K 
+ + I 
5.6 Interference Reactions between Conventional Accelerators, 
Sulphur with Blocked Diisocyanate 
5.6.1 Heating Diisocyanate with DCBS at 160 -170°C 
This investigation was carried out to explain why poor bonding 
property was obtained for nylon 6,6 (tables 2.5 - 2.6, mixes no. 
2 and 7 respectively) when blocked diisocyanate bonding agent was 
used in conjunction with a conventional curing system. 
Heating diisocyanate (0.25 gm) and DCBS (0.7 gm) at 160 - 170 
0C 
for half an hour produces a chemical product insoluble in dimethyl 
formamide. An infra red trace of the. product using the KBr disc 
technique (figure 5.5) indicated the presence of various active groups. 
The chemistry of this reaction is considered to have occurred via the 
following schemes: 
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The active complexes in equation 5.2 (I and II) are considered 
able to react with the -NCO produced during unblocking 
of the phenol 
blocked diisocyanate. This reaction will then render the -NCO 
incapable of acting as a bonding agent and this was the observed 
consequence. 
5.6.2 Heating Diisocyanate with Sulphur at 160 - 170°C 
This investigation was carried to find out the possible 
reactivity between sulphur and diisocyanate. 
An infra red trace on the dimethyl formamide extract of the 
heated (0.25 gm) diisocyanate and (2.5 gm) sulphur reaction mixture 
shows the absence of isocyanate peaks at 2300 cm -1 (figure 5.6). 
A KBr disc method is not possible for this product due to the opacity 
of the sulphur in the final residue which absorbs the IR energy. 
It is thus proposed that when sulphur in rhombic form is 
subjected to heating at 160 - 170°C, cleavage of the S-S links 
occurs to form a diradical as follows: 
S8 "SSSSSSSS" - ".. " 
(5.3) 
Cyclic Diradical 
The diradical formed is thought to be reactive towards the' 
isocyanate groups, to result in an addition reaction: 
O=C=N CHZ N=C=O + "SSSSSSSS- 
160 - 1700C 
-N 
O 
CH2 
O 
-N ic//p / 
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Aziz (81) has shown that polymeric cyclic sulphur chains, are 
unstable and rearrange to form a cyclic monosulphidic link which 
is more stable, equation 5.5. 
\C 
N 
S8 
NC 
\S/ 
8 
0 
C- N N- C 
s 
+2S7 .... 
(5.5) 
Again the above would confirm the experimental observation that 
heating the blocked diisocyanate with sulphur removes the former 
material's adhesion capabilities. 
5.7 Heating Rubber with Zinc Oxide, Stearic Acid, 
Calcium Oxide, Blocked Diisocyanate and DCBS at 1600C 
These following investigations were pursued to further ascertain 
the activity of DCBS on diisocyanate in rubber. 
v 
It was found that when heating rubber with zinc oxide, stearic 
acid, calcium oxide and blocked diisocyanate at vulcanization temperature 
of 1600 C, results in a partially crosslinked rubber which is found 
to be semi soluble in toluene. Partial crosslinking has obviously occurred 
in this instance since there is no interference reaction from the DCBS. 
When rubber is heated with diisocyanate and DCBS, an uncrosslinked 
rubber results. It was shown in section 5.5, that DCBS reacts with. 
diisocyanate-to-form "a-complex. -and- their -react ion--rat©-of-" formation is 
considered to be faster than the reaction between rubber and diisocyanate. 
A completely soluble 'rubber in toluene' is obtained which indicates 
the non existence of crosslinked rubber. 
However, rubber after heating with zinc oxide; steariciacid, 
calcium oxide, blocked diisocyanate and DCBS at 1600C is found to be 
insoluble in toluene. Swelling of rubber in the solvent occurs (figure 5.7). 
.s 
Lý 
s aýýr 
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It is well known that the formation of zinc salt occurs as the 
reactant of zinc oxide, stearic acid and DCBS and thus it is 
conventionally thought that this'reactant can act as an accelerator 
to enhance the reaction between rubber and diisocyanate to form 
crosslinks. The author also considers that the activity of DCBS 
towards blocked diisocyanate is also considered to be diminished after 
the reaction with the activators. 
These findings explain why poor bonding is obtained between poly- 
amide and rubber when using a diisocyanate bonding agent and a 
conventional sulphur based curing system (section 2.3.2). The 
added diisocyanate is either made inactive by the formation of a 
complex or used up in the crosslinking of rubber chains. Hence, 
the primary purpose of diisocyanate addition is lost completely. 
The reactions involved between the rubber and diisocyanate 
in the presence of a sulphur curing system can be represented as 
follows to explain the observed poor bonding between polyamide and 
rubber. 
Rubber (R) 
Accelerator (X) diisocyanate 
160 C Complex 
(section 5.5) 
Zinc Oxide 
Stearic Acid 
Zinc Salts (X-Zn-X) 
Precursor to X links 
160 0C S8 160 06- Complex (section 5.6) 
diisocyanate 
Initial polysulphidic links plus 
Urethane links 
Final vulcanizates with poor polyamide to rubber bonding 
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Figure 5.7 Swelling of rubber in toluene, oft<. r 
heating it with diisocyanate, zinc oxide, 
stearic acid, calcium oxide and DCBS at 
1600C for half an hour. 
} 
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5.8 Heating Kevlar with Hexamethylene Tetramine and 
Resörcinol (Cohedure RS) with/without Silica at 1600C 
This investigation was carried out to examine and explain 
why a physical bond is considered to form between Kevlar and Rubber 
when the above bonding system is used. 
An infra red investigation carried out on the HMT/resorcinol 
treated fibre after washing with dimethyl formamide and dried at 
700C showed that no reactive groups are formed on Kevlar fibres as 
a result of heating. An infra red traces similar to figure 5.2 was 
obtained. It proves that no chemical reaction occurs when these 
fibres are heated with hexamethylene tetramine and resorcinol at 
vulcanization temperatures. The addition of hydrated silica offers 
no significant advantage to activate any chemical reactions between 
the fibres and the bonding components. Instead, resorcinol reacts 
with hexamethylene tetramine to form a resin which is dark red in 
colour but has no Kevlar-rubber bonding properties. 
5.9 - Heating Rubber with Hexamethylene Tetramine and Resorcinol 
(Cohedure RS) at 1600C 
An experiment was carried out to further substantiate the 
earlier wort of section 5.8. 
The-resin formed insitu by the reaction of resorcinol and 
hexamethylene tetramine is known to be able to vulcanize the rubber 
during the heating process. This chemical reaction was demonstrated 
by observing the swelling characteristic of the treated rubber in 
toluene (figure 5.8). A mechanism, is given later in the discussion. 
Addition of sulphur and accelerator DCBS into rubber, containing 
resorcinol and hexamethylene tetramine mixtures, causes more crosslinks 
to be formed during the heat treatment process as shown by its reduced 
tendency to swell in toluene (figure 5.9). 
,.. - 
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Figure 5.8 Swelling of rubber after heating with 
HMT and Resorcinol at 1600C 
165 
Figure 5.9 Restricted swelling of rubber after 
heating with HMT, Resorcinol, DCBS and 
Sulphur at 160 
0C 
_ý ý 
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A miff rpntial scanninLr calorimetrv inunQtioatinn revealed 
that no separate block transition temperatures of rubber or resin 
were obtained from the crosslinked rubber. This enables one to 
conclude that resin, formed during heating at 160°C, is used only 
to crosslink rubber. It is considered that the use of resin for 
bonding Kevlar to rubber does not bring about any chemical bond 
formation, instead a physical bond between fibre and rubber is 
achieved. 
This work carried out using infra red enables the type of 
bond formed between Kevlar and rubber in the presence of a parti- 
cular bonding and curing agent to be identified and the chemistry 
involved in each type of system used for achieving adhesion 
between the two components to be derived. These matter are examined 
later in the discussion. 
r ,.. 
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CHAPTER SIX 
APPLICATION OF COMPOSITES AND LAMINATES 
6.1 Introduction 
Having determined the physical characteristics of the Kevlar 
short fibre rubber composites and filament fibre rubber laminates, it 
was considered useful to carry out a preliminary exploration of their 
possible areas of applications with respect to tyres and ballistic 
garments. 
6.1.1 Tyres 
Present tyre technology is established on the principle of 
cord-rubber laminate. The properties of this laminate primarily control 
the overall performance characteristics of pneumatic tyres. 
In the tyre industry, the first qualitative study of cord-rubber 
elastic properties was pioneered by Martin (82) and later seriously 
investigated by various other workers, Clark (83 - 85), Gough (86), 
Akasaka (87) and Biderman and coworkers (88). Present day mechanics 
of composite material and laminates were investigated by Ashton, Halphin 
and Petit (89) and Jones (90). Their research was on rigid composites 
without, reference to flexible types. 
The prime function of cords in tyres is to provide strength and 
that of the rubber to provide flexibility in the finished product. The 
cords are mainly used in the carcass section of the tyre (91) as shown 
in figures 6.1 änd. 6.2 in which they are fabricated either in radial 
or bias cut fabric forms to control extensional and flexural stiffness 
depending on their location. Tyre performance during service is 
dependent on cord to rubber adhesion which has to be good -to avoid 
any ply separation during service. Adhesion is achieved by various 
methods revealed in Chapters 1-and 2. 
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WALL RUBBER - 
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_- ý`. 
CHAFER STRIP 
TREAD 
TREAD BRACING LAYERS 
INNER LINER 
FILLER 
BEAD WRAP 
ES 
--- BEAD WIRES 
Figure 6.1 Section of cross ply tyre 
TREAD PATTERN 
TREAD BRACING LAYERS 
RADIAL PLIES 
INNER-LINING 
BEAD FILLER 
CHAFER 
APEX STRIP 
BEAD WRAPPING 
BEAD COIL 
Figure 6.2 Section of radial tyre 
ýý , i" _' . 
yý; ý' ;- 
.: 
i" ýýr 
., 
169 
Having established the particular diisocyanate bonding and 
diurethane curing system for Kevlar fibres and their composite 
properties with natural rubber, ' it is wished to explore their 
potential as a tyre manufacturing material possibly by replacing 
the 
fabric and tread section of the tyre by the short fibre-rubber 
composites. Before it can be used for any possible tyre application 
0 
the hardness of the composite has to be chosen to be between 65 - 75 
IRHD as this is normal for conventional tyre tread compounds. It is 
now proposed to produce a miniature or model tyre as a test specimen 
for the purpose of determining the heat build up characteristics of 
Kevlar-rubber composites. A special tyre testing machine will be used 
for this purpose and its features described later. 
6.2 Compounding of Tyre Composites 
It is universally accepted that hardness of the tread of a tyre 
best lies within the specified range of 65 - 750, IRHD. This hardness 
range is met by incorporating carbon black fillers into, a rubber 
compound. Other properties e. g. abrasion, fatigue and resilience have 
to be taken into consideration. Usually a compromise of properties 
is achieved by using certain types and combinations of carbon blacks 
of different particle sizes (92). 
Earlier work (section 3.5.1.5) revealed that the hardness of 
a rubber vulcanizate with 30 pphr carbon black was further increased 
with the addition of Kevlar short fibres. Earlier work had established 
that a maximum or equilibrium hardness of 90o IRHD was reached at the 
20% v/v minimum fibre loading. Greater than 20% v/v loadings gave 
little or no increase in rubber hardness, hence this 20% v/v loading 
was selected for, further evaluation. -. - Various tread hardnesses are 
ýý.. 
IA 
rýt .ý 
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known to have contrary consequences, in the first place with normal 
carbon black compounding a high hardness produces a very low resilience 
rubber, whilst the low resilience itself would improve wet grip, the 
high stiffness would impair it due to low deformation under stress 
and the net effect is difficult to predict. Also the low resilience 
will give rise to excessive heat build up on flexing which would lead 
to excessive internal heat generation and a 'blow-out' in the tyre. 
The balance between stiffness and resilience, possible with a chopped 
fibre composite, might be a rather better combination in a tread 
application and this hypothesis will now be examined experimentally. 
6.3 Experimental 
Since most commercial tyres are produced with a tread hardness 
range of 65 - 750 IRHD, it is considered essential that the composites 
to be used in the preparation of miniature tyres should possess an 
equivalent hardness range. In this work it is desired to use composites 
with a 20% volume Kevlar to rubber-ratio since they possess quite good 
strength properties and a maximum or equilibrium hardness of 900 IRHD: 
this hardness is considered to be too stiff for any tyre tread use. 
Hence this hardness value needs to be lowered by incorporating a 
processing oil into the compound and a compounding experiment for this 
purpose is now described. 
6.3.1 Lowering Composite Hardness 
Reducing the hardness of the selected composite was carried out 
by the addition of aromatic processing oil to the composite material 
using the base formulation of table 6.1. 
ýý 'ý 
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Table 6.1 Composite Formulation with variable Aromatic 
Oil Content 
Formulation Mix No 
(Parts by weight) 
100 
30 
between 10 - 50 
5.0 
1.0 
3.0 
2.0 
2.0 
2.0 
31.65 
4.0 
6.7 
Natural Rubber SMR 5 
HAF N330 
Dutrex 729 UK1 
Zinc Oxide 
Stearic Acid 
Caloxol WG3 
ZDC 
Permanax (Nonox) ZA2 
Flectol H3 
Kevlar 29 (20%) 
Hylene 4715 
Novor 924 
(1) Aromatic Oil 
(2) Antiozonant 
(3) Antioxidant 
F., ,_ 
6.3.2 Mixing and Vulcanization of Composites 
A similar mixing procedure to section 3.3.1 was adopted with 
the oil added along with carbon black into the rubber. The cure, 
time of 30 minutes for 95% crosslinking at 1600C obtained from the, 
Oscillating Disc""Rheometer (ODR) was"used -to-vulcanize the composites. 
Hardness specimens and tensile sheets of 150 mm x 150 mm x 2.5 mm were 
compression moulded at a pressure of 15 kg mm 
2 
and tested in accordance, 
to BS 903 Part A26 for hardness testing and BS 903 Part A2 for tensile 
testing. 
ý{ 
ti 
Ör. 
6.4 Results 
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The effect of adding processing oil into the composite is 
now examined. 
6.4.1 Effect of Aromatic Oil on Composite'Hardness 
Composite hardness is seen to be lowered by the addition of 
aromatic oil. A high proportion of oil is required to be incorporated 
into the composite to oil extended the matrix to meet the specified 
hardness range of 65 - 750 IRHD. Figure 6.3 reveals that about 45 pphr 
of oil is needed to be incorporated in the composite to effectively 
reduce its hardness from 90o to 75o IRHD. Additional processing oil 
was found to result in an excessively soft compound which was 
unprocessable due to the low viscosity of the rubber. 
6.4.2 Effect of Aromatic Oil on Composite's Tensile Properties 
The addition of oil to the composite is seen to cause an initial 
decrease in its tensile strength possibly in the initial phase due to 
the incomplete or partial wetting of the rubber matrix by the oil 
(figure 6.4). As more oil is added wetting becomes more effective as 
seen by an increase in tensile strength. Complete wetting of the' 
matrix is considered complete when the maximum tensile strength of the 
composite is reached. Additional quantities of oil then causes a 
dilution effect which is shown by the deterioration of tensile strength. 
At first however, generally the addition of oil increases the composite's 
elongation at break and this is reflected by the increase in its tensile 
product (i. e. ultimate tensile strength x elongation at break) property. 
The- presence"-of excess ive"-amounts--of oil above 45 pphr"""is seen-to lower 
the composites elongation at break: this corresponds to the unprocessable 
or non-compatible limits of oil in rubber in which the rubber is highly 
oil extended and hence tensile properties of composites deteriorate. 
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Formulation Dry Weight (gms) 
NR (SMR5) 100 
HAP N330 30 
Dutrex 729 UK variable 
Zinc Oxide 5.0 
Stearic Acid 1.0 
Caloxol WG3 3.0 
ZDC 2.0 
Permanax (Nonox) IPPD 2.0 
Flectol H 2.0 
Kevlar 29 (20%) 31.65 
Hylene 4715 4.0 
Novor 924 6.7 
20 40 60 
pbw Aromatic Oil (Dutrex 729 UK) 
Figure 6.3 Effect of oil on hardness of 
Composites 
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0 20 40 60 
pbw Aromatic Oil (Dutrex 729 UK) 
Figure 6.4 Composite tensile properties 
against Aromatic oil content. 
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6.4.3 The Fatigue Property of Composite (20 volume % of Kevlar) 
containing 45 pphr Aromatic Oil 
.i 
S 
Investigation then proceeded to study the effect of processing 
oil, at 45 pphr level in the composite, by subjecting this composite 
to a dynamic fatigue test. The vulcanized composite was cut into. strips, 
along the fibre orientation direction and also perpendicular to 
fibre 
orientation direction. The dimensions were 10 mm x 100 mm x 
2.5 mm 
and these strips were later subjected to a fatigue test at room temperature 
and at variable strains using the De Mattaa Flexing machine. 
It was found experimentally that fibre anisotropy controls the 
fatigue behaviour of the composite. In such a test at 15% strain 
satisfactory fatigue life was shown to be possessed by the specimens 
that were tested along the fibre orientation direction. In this 
instance it was observed that there was no sign of dynamic tearing 
failure occurring eventhough 90 kilocycles of deformation had elapsed. 
When the fatigue test was done on the composite along the fibre orienta- 
tion direction, the specimen could only be exposed to a maximum 
strain 
of 15%. Above this strain the test specimens were seen to slip from 
their grips due to their limited flexibility and extensibility. Hence 
it was considered that a higher strain fatigue cycle test was impractical 
to be used to test the fatigue life of these composites along the 
fibre orientation direction. 
With'specimens tested at perpendicular to the fibre orientation 
direction, a typical S-N* curve (92 - 93) was considered to be 
exhibited by these specimens. This was illustrated by the fatigue 
failure life of composite which was seen to decrease with an increase 
in strain (figure 6.5). The presence of processing oil in the composite 
is considered to reduce the tearing resistance of the vulcanized 
rubber matrix. When the composite (tested perpendicular to the fibre 
orientation direction) is subjected to such flexing or cyclic deformation, 
*S-N Strain amplitude/fatigue life curve 
... 
Fýý- 
--- 
w 'r 
.. 
l 
'! 
5000 
m 
ce q, 
0 
41 
3000 
-U 
1% Fi 
Strain % 
Figure 6.5 S-N curve showing fatigue data of 
NR/Kevlar-Composite tested it perpendicular 
to fibre orientation direction 
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heat is generated inside the composite which possibly could lead 
to matrix tear strength reduction and to result in the appearance 
of a cut or crack. This crack will propagate and progressively 
increase in length during the test cycles until the composite tears 
completely. Easy tearing is considered to occur since the propagation 
of such crack is taking place along the fibre orientation direction 
(figure 6.6). In the case of a composite tested along the fibre 
orientation direction, tearing is considered to be hindered ofi inhibited 
by the fibre present in the composite since the crack, if present, is 
perpendicular to the direction of fibre orientation (figure 6.7 ). 
Hence, the propagation of such crack is likely to be restricted and 
thus make such a composite exhibit a good resistance to fatigue. 
Having studied the strength and fatigue property of a composite 
containing 45 pphr processing oil, steps were then initiated to fabricate 
a miniature Kevlar short fibre reinforced laboratory test tyre. 
6.5 Manufacture of a Model or Miniature Tyre 
The 20% volume of fibre composite containing the 45 pphr level 
of aromatic oil that is needed to be present in the composite to 
produce a vulcanizate of 750 IRHD was used in. the manufacture of 
the model tyre for laboratory scale testing. A special miniature 
tyre mould was used for the purpose and now described. 
6.5.1 Miniature Tyre Mould 
This is a compression mould used to fabricate the model tyre 
and consists of three sections and a removable solid inner core as 
shown in figure 6.8. The middle section of the mould was used to 
form the tread of the tyre while the top and bottom section of the 
mould were used to form and shape the rim of the tyre. The solid inner 
core shaped the inside and also the side wall of the eventually 
vulcanized tyre. 
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Direction of test 
it 
FIBRE 
--""-'- CRACK 
__ __ PROPOGATION LINE 
I 
Direction of test 
Figure 6.6 Fatigue failure of composite to indicate the 
manner of crack propagation in specimen tested 
perpendicular to fibre orientation direction 
Direction of test 
Ii 
" CRACK I. 
I 
Iý 
II 
Jº 
Direction of test 
Figure 6.7 Hindered fatigue failure of composite 
tested along fibre orientation direction 
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Figure 6.8 Sections of Miniature Tyre Mould 
A= top and bottom section of mould to form the 
rim of the tyre 
B= middle section to from the tread of the tyre 
C= inner core to shape the inside and sidewall of tyre 
D= miniature tyre 
1.5 mm 
9 mm 
arbon black filled rubber 
Tidewall 
short fibre rubber composite 
*-- 20 mm 
Cross Section of Miniature Tyre 
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63 mm 
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6.5.2 Preparation of blanks to fabricate the tyre prior 
to vulcanization 
Unvulcanized composite in the form of strips were shaped to 
form the circumference of the solid inner mould core and this 
eventually led to the formation of the tread section in the finished 
tyre. Unvulcanized carbon black loaded rubber compound (without 
fibre), also in strips, was placed along the eliptical portion of 
the solid core and this formed the sidewall and the rim of the tyre. 
"A total composite tyre was found difficult to produce since the 
sidewall of an all fibre containing vulcanized tyre tended to tear 
when it was stripped from the inner core. The tyre was compression 
moulded at an apparent pressure of 20 kg mm 
2 
6.5.3 Tyre Testing 
Testing of the tyres was carried out on a specially built tyre 
testing machine as shown in figure 6.9. The vulcanized tyre due for 
testing was placed on a plastic PTFE core which was secured on to the 
Mandrel on the tyre testing machine. Rotation of the tyre was provided 
`.. by the rotating steel drum of the machine when the tyre was brought 
into contact with the drum. 
The testing machine has the following important features: - 
(1)* Variable speeds of drum rotation, simply by changing 
the gear of the machine. 
(2) Slip angles could be selected by adjusting the securing 
bolt on the platform. 
(3) Various tyre compressions could be chosen by adjusting 
the rod to bring the tyre towards and away from the drum. 
(4) Digital revolution counter. 
(5) Compress air line to inflate the tyre if required. 
(6) Thermocouples equipment to measure heat generated during 
test. 
H 
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Figure 6.9 Sectional view of the tyre testing machine 
A= tyre attached to the Mandrel 
B =. rotating steel drum 
C= plastic core to hold the tyre 
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In this work, tests were done on deflated tyres and the 
heat generated in the tyre during motion was determined by injecting 
a syringe thermocouple (95,96,97) into the preferred regions, 
shoulder and inner part of tyres. The syringe thermocouple was 
attached to a Comark recorder (figure 6.10) to obtain the temperatures 
at the specified regions in the tyre as shown below. 
shoulder 
, 
inner 
1 
Another method is also possible to be used for temperature 
measurements i. e. embeddiment of several thermocouples into the 
tyre and connected to a multipoint recorder (98). This method is not 
considered necessary since in this initial test on the model tyre 
it was aimed only to measure the temperature rise at the shoulder. 
and inner part of the tyre. 
6.6 Properties of Miniature Tyres Produced' 
The heat build up characteristics of these tyres are now 
examined. 
6.6.1 Heat build up in Tyres 
The heat build up developed during motion in a control all- 
rubber tyre (without fibres) (see figure 6.11 for experimental 
details) was found to be higher than the short fibre reinforced 
tyre (figure 6.11). Dissimilarity in the heat build up in the two 
types of tyres 'during cyclic deformation is considered to be 'due to 
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Figure 6.10 Syringe Thermocouple attached to 
Comark Temperature Recorder 
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the differences in their viscoelastic properties. Willet (99) has 
shown that heat generation in tyres is dependent on the viscoelastic 
properties of the tyre components and these, latter, are controlled 
by the presence of carbon blacks contained in the tyre components 
(100). It is considered that in the control tyre, the tread is quite 
flexible and easily compressed such that during the dynamic motion, 
the region of the tread that is compressed against the rotating drum 
is capable of retracting to its original shape after leaving the 
compressed region. In contrast short fibre reinforced tyres are 
found to be stiffer and thus, they are more difficult to be compressed 
against the rotating drum. Hence, a marginal compression - retraction 
phenomenon is considered to occur and this is indicated by the lower 
heat build up temperatures in comparison to that of the control tyre. 
Temperature differences, in the inner region (interior), between the 
two tyres tested earlier are again considered to be the characteristic 
of the above compression. - retraction explanation and also to be 
arising from the frictional heat (101 - 103) created when the tyres 
are rubbing against the rotating steel drum. The rate of heat build up 
is found to increase with an increase in the tyre velocity (see 
figure 6.12) and the increase in the tyre velocity is expected to 
accelerate the compression retraction phenomenon. 
Further investigation using a short fibre reinforced tyre reveals 
that the temperature at shoulder 1, which is in contact with rotating 
steel drum, is found to be higher than the inner section of the tyre 
and the shoulder 2 away from the steel drum (figures 6.13 and 6.14). 
Any section that is not in contact with the rotating drum creates no 
heat due to no friction between the tyre and the drum, and, no 
compression - retraction taking place. The temperature rise in this 
region is dependent on the heat conducted by shoulder, 1 which is 
always in contact with the rotating drum and the heat created at 
shoulder 1 is-considered due to friction and dynamic compression - 
retraction. Since shoulder 2 is not in contact with the drum, the 
heat conducted to it by shoulder 1 is easily dissipated to the 
surroundings. This dissipation-of heat, makes shoulder 2 have a lower 
temperature all the time during motion. Also, increasing the slip 
angle of contact between the tyre and the rotating drum tends to create 
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more open tread region to 'air-surrounding surfaces' and this is 
thought to enable the energy formed at shoulder 1 to be dissipated 
away by the open tread region. 
' However, at the 10% slip angle 
of contact between the tyre and the rotating drum, the heat 
contained by the inner section-of the tyre is found to be equal to 
that in shoulder 2 (see figure 6.14). Due to the limited time 
available, having carried out a simple exploratory investigation to 
examine the potential of the composite material as a tyre 
fabrication material, work on the tyre was then stopped and another 
potential outlet for this composite was explored. This was its 
possible use as a ballistic protection material for use in 
protective clothing. 
6.7 Ballistic Shield Garments 
i 
Since Kevlar possesses excellent physical properties it is 
thought that when it is fabricated as a short fibre rubber composite 
or as rubber filament Kevlar laminate, - such structures could be used 
as bullet proof vests. Short fibre-rubber composites with specific 
fibre loadings and laminates of various forms (section 4.3) were 
subjected to ballistic testing by the courtesy of the Ministry of 
Defence. 
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6.7.1 Ballistic Test Method 
The testing. was carried out with hardened steel fragment 
simulating projectiles (FSP's) intended to simulate fragment 
produced by real weapons. Different sizes of FSP could be used 
but for this test a standard type (6 mm length x5 mm diameter) 
- was used for the preliminary screening work. 
The object of the test is to estimate the ballistic limit 
velocity of the material against the test projectile, that -is 
the velocity below which such projectiles are stopped and above 
which they penetrate the material. However, there is no singlo 
velocity at which this occurs but ratherýthe-probability of 
penetration increases gradually, from 0 to 1-as-the velocity, is 
I 
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increased (figure 6.15. ). On the curve, V50 ballistic limit velocity 
is defined as that velocity at which probability of penetration is 0.5. 
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Figure 6.15 Probability of FSP penetration 
increases with Impact Velocity 
The V50 are estimated by firing a number of FSP's at the 
material and their velocities recorded and whether the FSPs were 
stopped by the laminates or composites or penetrated through them. 
The three lowest velocities at which penetration occurred and the 
three highest velocities at which the FSP was stopped were selected 
and the mean of these six velocities gave a good statistical 
estimate of V50 providing that all six velocities fell within a 
bracket of 40 m/sec. 
6.7.2 Rubber Laminates and Composites as Armour Material 
Laminates are seen to exhibit a superior V50 ballistic limit 
than composites. In' the laminates', the"VSO ball istic'""limit-" is° 
shown to be dependent on the number of layers of Kevlar 
'fibres 
present in them-(laminates) i. e. V50 increases with increasing layers 
of Kevlar fibres. The layers of Kevlar fibres behave as a screen, 
thus by increasing the layers of fibres causes an increase in the 
resistance (or probability) against the bullet penetrating the 
laminate. It is observed that the V50 ballistic limit for composite 
is independent on the fibre volume present in the composite. This 
indicates that short fibre rubber composites with the fibre oriented 
in one direction cannot behave as an effective screen. 
V50 
Impact Velocity 
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In general, the composites and laminates under investigations 
were considered not good enough to be used for candidate armour 
materials and this is because their V50 ballistic limits (table 6.2), 
which are considered to be low for such purpose: hence these materials 
are believed to be unsuitable for use as ballistic garments. Since 
this is a new field, further work could be undertaken such as to 
increase the fibre content in the composites and layers of Kevlar 
filaments in the laminates before they can be of any use. Rubber 
compounds were also needed to be reformulated to increase the hardness 
of composites and laminates in order to produce a very stiff and 
tough armour material. 
Table 6.2 The Ballistic Limit of Composites and Laminates 
I 
Laminates 
Configurations 
Surface Area 
Density Kg m-2 
V50 Ballistic 
Limit m sec- 
rubber-(Kevlar-Rubber) n 
n=2 4.38 "-175 
n=3 4.70 < 202 
n=4 5.20 -- 235 
rubber-(Kevlar) -rubber n 
n=4 3.09 N 187 
n=6 3.34 206 
n=8 4.02 -268 
Composites 
10% fibre 2.82 4170 
60% fibre 2.92 <182 
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6.8 General comments on the application of Composites 
and Laminates as products 
These preliminary investigations on the applicability of such 
composites and laminates as products obviously need further research. 
Tyre manufacturing is a complex matter and the research carried 
out so far is only based on simple miniature tyres and this could not 
represent what would be expected shown by a real sized tyre. The 
results are specifically for the testing machine used and could only 
provide a guide for any further research development in this field. 
It is also considered that the composites and laminates needed 
further improvement if they are to be used as armour material since 
an armour material should be extensible to fit any shape and 
simultaneously behaves as a strong glassy material upon impact by a 
bullet. 
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CHAPTER SEVEN 
7.0 Discussion 
It is proposed to organise the discussion in the following 
manner: 
(i) Bonding systems for polyaramids 
(ii) Improvement of rubber vulcanizate and 
composite properties 
(iii) Composite and laminate properties 
(iv) Bonding and vulcanization chemistry 
(v) * Applicability of composites and laminates 
as products 
7.1 Bonding Systems for-Polyaramids 
As a result of the investigations carried out, it is established 
that two types of bonding, systems are considered suitable for use in 
natural rubber compounds to achieve bonding between polyaramid fibres 
and rubber during the vulcanization of rubber at specific temperatures. 
These two systems are now described and discussed. 
The discovered 'Diisocyanate-Diurethane' system was'found and 
considered to create chemical bonds between the polyaramid and rubber 
and this was initially deduced by, observation that a rubber-rubber 
type of bond failure was obtained (sections 2.4 - 2.5) during the 
debonding test using the H-Pull test and the peel test methods. This 
rubber-rubber type of bond failure was also possibly an indication 
of the strong bonds'formed between the two materials and arose from 
the poorer vulcanizate properties provided by the rubber. Diisocyanate, 
and diurethane"''were found to contain identical active group, i. e. 
the isocyanate, and hence it'is inevitable that some of the free 
diisocyanate dissociated from phenol blocked diisocyanate is used in 
the crosslinking of rubber and when it is present, in improvement in 
194 1 
the rubber vulcanizate properties occurs 
[(table 
2.7 (12) and (13),. 
The utilisation of this free diisocyanate to aid in the crosslinking 
of rubber in addition to the diurethane crosslinker, however, reduces 
the former's efficiency as primary bonding promoter. Such an effect 
is overcome by incorporating additional blocked diisocyanates into 
the rubber compound. By experiment, blocked diisocyanate at 4 parts 
per hundred rubber by weight is found essential to be present in the 
rubber compound (section 2.6.2.3) to produce rubber vulcanizates with 
optimum strength properties. Proportions of blocked diisocyanate 
greater than 4 parts (pphr) was found to provide no further improvement 
= in the strength properties of vulcanizates (figure 2.13) and thus it 
is considered that this diisocyanate is likely to react with moisture 
present in the rubber and to form insitu polyurethanes which cause a 
matrix dilution effect. 
Blocked diisocyanates were found unsuitable for use in rubber 
i 
containing a conventional curing system comprising sulphur and the 
organic accelerator, DCBS. This conclusion is made from observation 
of the poor bond strength obtained for nylon 6,6 
[tables 2.5 (2) 
2.6 (7)]. In this instance the blocked diisocyanate is considered 
to be used up in crosslinking the rubber in addition to'the sulphur 
curing process or alternatively made inactive by the postulated 
reactions between diisocyanate and the accelerator DCBS or sulphur 
to form chemical complexes which do not contribute to crosslinking, 
(sections 5.5 and 5.6), during the vulcanization of the rubber at 
temperatures above 1600C. Hence, the function of diisocyanate as a 
bonding agent is minimised or totally lost in sulphur cured system. 
Another alternative bonding system comprising hexamethylene 
tetramine, resorcinol and silica used in conjunction with a sulphur 
vulcanization system was also found to promote bonding between Kevlar 
and rubber. However, this system was observed to only provide a 
physical type of adhesion between the two materials as shown by the 
'rubber-fibre' interfacial bond failure (section 2.4). Further work 
(section 5.9) carried out then revealed that the resin, reactant of 
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resorcinol and hexamethylene tetramine, formed insitu in the rubber 
compound, was used up by the rubber for its crosslinking reactions; 
this was considered to be the reason for the creation of only 
physical bonds between polyaramid and rubber. This reasoning-was 
further supported by the inability to chemically detect by IR extra 
active groups on the fibre surface (section 5.3). The chemical 
functional groups peculiar to Kevlar were of course detected. In 
contrast, heating Kevlar with phenol blocked diisocyanate produces 
additional chemically active groups on the fibre (section 5.2) and 
these are C=0© 1720 cm 
1, 
C=N@ 1600 cm -1 and C-N@ 1240 cm 
-l. 
7.2 Improvement in Rubber Vulcanizate and Composite Properties 
The presence of phenol blocked diisocyanate in a rubber compound 
with a diurethane crosslinker was found to influence the ultimate 
rubber vulcanizate and composite properties. Its presence in the 
rubber helped to increase the crosslinking effect of the diurethane 
by promoting the formation of more urethane linkages between the 
rubber chains (figure 2.4). This chemistry of diurethane vulcanization 
process has already been established (104 - 105). It was now shown 
(section 2.6.2.3) that an optimum level of 4 parts of phenol blocked 
diisocyanate was found necessary to be incorporated into a black loaded 
rubber compound containing a diurethane crosslinker in order to 
produce a rubber vulcanizate with optimum tensile and tear strengths 
properties (figure 2.13). A similar trend was found to occur in rubber- 
short fibre composites. A specific level of phenol blocked diisocyanate 
was discovered necessary to be added to these composites with a 
particular fibre content to produce vulcanized composites' with maximum 
tensile and tear strengths (section 3.5.2). It was considered that 
sufficient chemical bonds had been-. formed.. -between. Kevlar., and, rubber 
and coupled with the optimization of the rubber vulcanizate properties 
such that these together enhanced the composite strength. 
Optimization of resorcinol and hexamethylene tetramine was only 
performed for unfilled and carbon. black filled rubber and not for fibre 
filled rubbers. In the investigation carried out. two contrasting 
results for gum and filled rubber were obtained and in these resorcinol 
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at 3 parts (maximum) was considered suitable to be used with 2.5 
parts and 3.0 parts hexamethylene tetramine in gum and filled 
compound respectively to produce vulcanizates with optimum tensile 
properties (figures 2.9 and 2.11). Achievement of optimum tensile 
did not correspondingly optimise the tear strength property of the 
rubber vulcanizate. It was found that higher levels of hexamethylene 
tetramine were necessary to be used (figure 2.12) in both rubber 
compounds before its optimum proportions were obtained. This was 
found to be With 3 phr of resorcinol. 
The resin formed insitu (reaction between resorcinol and 
hexamethylene tetramine) in the rubber during the vulcanization 
process at 1600C was considered capable of crosslinking the rubber 
chains, via a resin link, judging by the swelling characteristics 
of the uncured rubber mixes after they had been heated with 
hexamethylene tetramine (figure 5.8). A combination of conventional 
sulphur curing system with integral bonding agent comprising resorcinol 
and hexamethylene tetramine is considered to eventually result in 
two chemical reactions occurring in the rubber during the vulcaniza- 
tion process i. e. one via resin and the other by sulphur linkages. 
The generalised picture of types of chemical links present in the 
vulcanized rubber is illustrated below (and later): 
rubber chain 
Sx 
z 
W 
Sx S2 S 
S 
Sx = polysulphidic links 
S2 = disulphidic links 
S monosulphidic links 
rubber chain 
r 
_J 
7.3 Composite and Laminate Properties 
Incorporation of polyaramid short fibres into a rubber 
compound containing phenol blocked diisocyanate and diurethane 
system was found to effectively strengthen and reinforce the 
vulcanized rubber. The strength properties of this composite, 
however, are controlled by an initial fibre length or aspect 
ratio added to the rubber during mixing of rubber compounds on 
a two roll mill (section 3.7). These fibres tended to break up 
or to be damaged, during this mixing operation and resulted in 
final fibres with reduced lengths or aspect ratios at the end 
of the mixing cycle. These reduced fibres were considered 
capable of reinforcing the rubber matrix. By experiment, an initial 
approximate aspect ratio of 1250 or possibly between 1250 - 2000 
(figure 3.17) was found optimum for used in rubber reinforcement such 
as to produce vulcanized composites with maximum strength properties. 
Any initial fibre aspect ratio value lower or higher than that 
previously specified was considered to cause a reduction in the matrix 
reinforcement, especially in those composites containing a higher 
aspect ratio. These fibres tended to buckle and hence caused difficulty 
in being dispersed evenly throughout the rubber matrix: such problems 
would finally result in spots or localised concentrations of fibres 
that bunched together and were not oriented in'a preferred direction 
in the matrix. 
The ultimate properties of these composites were found dependent 
on the proportions and type of bonding used for Kevlar fibres in cured 
rubber matrix. A diurethane crosslinker in conjunction with a 
diisocyanate bonding agent was found to be a satisfactory integral 
bonding agent. With the exception of its elongation at break, other 
properties, e. g. tensile and tear strength, Young's modulus and 
bending stress, increased with increasing fibre contents'in these 
composites. Increasing the fibre contents resulted in the movement of 
the rubber, matrix being greatly reduced, as indicated by the reduction 
in elongation-at break of these composites (figure 3.6). 
The strength properties of fibre rubber laminates was also 
shown to be dependent on the number of plies of Kevlar fibres or fibre 
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volume and also on whether rubber was placed between-each ply of 
Kevlar fibres. Laminates without rubber placed between each ply 
of Kevlar fibres 
[rubber_acev1ar_rubber] 
were found to possess 
superior strength properties to these laminates with rubber placed 
between each ply of Kevlar 
[rubber-(Kevlar-Rubber) 
nI . 
Nevertheless, 
both possessed a similar trend of strength properties and these were 
dependent on the number of layers of Kevlar fibres present in the 
laminates (figure 4.5). This variation in strength properties was 
considered to be due entirely to a possible form of interlaminer 
fibre slippage occurring during the testing procedure: the placing 
of rubber between each ply of fibres was thought to increase the 
probability of bonding sites to-fail during testing. 
The opposite effect of tensile strength was shown by these 
laminates when they were subjected to impact testing. In this 
instance, laminates of rubber-(Kevlar-rubber) 
n- 
configuration 
exhibited a superior property to the other form of laminates with 
rubber-(Kevlar)n-rubber configurations (figure 4.7). It was 
considered that the placing of rubber between each layer of fibres 
pushed these fibres away from the neutral axis and this consequently 
increased the bending stress of the laminates. Both of these 
laminates were however possessed of lower bending stresses when 
compared with short fibre rubber composites, since in this latter, 
the short fibres were considered to be evenly dispersed throughout' 
the thickness of the composite and in intimate contact with the rubber 
matrix. 
A modified Guth's equation was deduced to apply to natural 
rubber reinforced by Kevlar short fibres and this is represented 
as follows: 
0.33fc-7.67x10-4ý2c2) .... (7.0) 
A theoretical Young's modulus of such composites were calculated 
using the above equation and the . result 
(figure 3.7. ) obtained deviated ., 
only slightly from the experimentally obtained data thus validating 
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the deduction of this equation. Though the experimental results 
were slightly higher than theory this deviation was considered to 
be only marginal and such deviation only occurred when the amount 
of fibres present in these composites exceeded the 10% v/v level. 
Young's modulus of composites were found to be higher than that 
for the laminates and this was observed at fibre loadings above 
the 10% volume level (figure 4.6). 
7.4 Bonding and Vulcanization Chemistry 
Chemical bonds were considered to have been formed between 
polyaramid fibre and rubber at temperatures above 1600C when a 
combined system of phenol blocked diisocyanate and diurethane was 
employed in a rubber compound. Judgement was based on the basis 
of infra red investigation (Chapter Five) which revealed the 
formation of active chemical groups on the fibre e. g. C=0© 1720 
cm 
1, 
C=N 1600 cm -1 and C-N© 1240 cm-1 wavenumber. These 
were extra groups besides those characterised for Kevlar. A clear 
indication of such chemical bonding being obtained between fibre 
and rubber was thought to have been demonstrated by the rubber- 
rubber type of bond failure as shown by the H-Pull and peel adhesion 
results (tables 2.8 - 2.9). Nevertheless, this type of bond failure 
could also represent a weaker vulcanizate strength than the (perhaps 
physical) bond created between these two materials. Rubber-rubber 
type of bond failure was referred to in cases where rubber was still 
seen to cgver or be attached to fibres after the adhesion tests had 
been carried out (figures 2.5,3.18 and 3.19). It was considered 
by the author on the evidence available that the combined system'of 
diisocyanate and diurethane used in rubber enables a chemical bond 
between fibre and-rubber-to be-formed-during-the vulcanization process. 
A blocked diisocyanate was found unsuitable for use in a conventional 
rubber curing system comprising sulphur and organic accelerator, e. g. 
DCBS, due to the isocyanates reactivity towards the accelerator DCBS 
(section 5,5) and sulphur (section 5.6); they were considered to form 
complexes with diisocyanate or this diisocyanate was considered to 
crosslink the rubber (section 5.7), in the presence of zinc oxide and 
stearic acid. These two reactions were considered to render the 
diisocyanate useless for bonding purposes. 
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Another alternative method investigated to bond Kevlar to 
rubber was to use a combined system composed of hexamethylene tetramine, 
resorcinol and silica with a sulphur curative and this system was 
found to offer a physical type of adhesion between the two materials 
as illustrated by the nature of rubber to fibre type of failure 
characterisation. In this instance, a clear, non-rubber coated fibre 
was obtained after adhesion tests. This observation was further 
substantiated by observations using the infra red technique (section 
5.8) which showed that no detectable chemical active groups were 
created as a result of heating Kevlar with resorcinol and hexamethylene 
tetramine at 1600C. However, when rubber alone was heated with 
resorcinol and hexamethylene tetramine at 1600C, the resin formed 
insitu was found to be utilised to crosslink the rubber (section 5.9) 
as demonstrated by the swelling of this reacted-rubber in toluene. 
In rubber compounds containing a sulphur curative and resorcinol and 
hexamethylene tetramine two types of chemical linkages were created 
between the rubber chain; sulphur and resin (section 7.3) namely resin 
crosslinks and sulphur types of crosslinks. From the literature the 
chemistry of sulphur vulcanization was for the purpose of this discussion 
considered to be established fact (106) and envisaged to involve several 
distinct stages which are summerised as follows: 
I 
201 
Vulcanizing Ingredients (rubber, zinc oxide ZnO, stearic acid, 
sulphur S, accelerator X) 
Active Sulphurating Agents (107) 
(L) 
XS . Sa . Zn . Sb . SX 
(L) 
(L) _ ;; N: or 0: of Zn(OCOR) 2 
Rubber Bound Intermediate (108) 
H Sb X+ R Sa SX+ ZnS 
Initial Polysulphidic Crosslinks (109) 
R-Sx-R 
Network maturing a) crosslink 
process shortening (110)- 
Final Vulcanizate Network 
R-S-R 
b) crosslink 
destruction 
c) main chain 
modification (111) 
d) S-S bond 
interchange 
The resin formed insitu provides an extra dimension in the cross- 
linking process by forming a resin link between the rubber chains and 
the chemistry is believed to have taken place. by the-following reactions 
(112 - 113) as shown in figure 7.1. 
The formation of active groups, C=0 at 1720 cm C-N at 1240 cm 
C=N at 1600 cm 
1 
on Kevlar fibres after heating with diisocyanate at 
160°C, by infra red investigation, allows the chemistry of adhesion 
between Kevlar and rubber using the diisocyanate ciiurethane system to be' 
speculated as taking place via the chemical reactions shown in figure 7.2. 
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Figure 7.1 Schematic representation of rubber crosslinked by 
a condensed resin 
(i) Hexamethylene tetramine is considered to react with resorcinol in 
the rubber to form an insitu resin as shown below (112): - 
C6H12N4 + 6H20 160 6CH20 + 4NH3 
OH 
1600C 2 
oil 
H 
-CH+ H2O 
H OH 
... (7.1) resin . 
(ii) It is postulated that the condensed resin reacts with rubber via 
the following reaction scheme (113) accompanied by the splitting- 
off. water 
CH3 OH OH " 
1 
CH 
2 _. C = CH - CH2. + 
HOH2C C112 C112011 Q 
H HO 
rubber chain 
rubber 
16Ö C 
CH 
CH2-C=C1i-CH 
OH H 
H2C CH2 O H2 
H ti 
CH2 -C CH - CI1-- 
C11 3+ H2O ... (?. 
2) 
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Figure 7.2 Postulated schematic reaction schemes between Kevlar 
and Rubber using the diisocyanate bonding agent and 
diurethane crosslinker 
(i) Mechanism of crosslinking of rubber by diurethane (114,115) 
0 =0= N- 0-C -N --{ 
ö'Q-CH2-<)- 
}N-C -- 0-NH Öý 
0 
ý--/ 
adduct of p -benzoquinomonoximes and diisocyanate 
thermal dissociation 
C=C)= N- OH OCN- O CH2 LJ r-- NCO + HO-N 0 
tautomerism 
HO NO ON Off 
rubber 
H- 
N --(ý) }- OH OCN -(U } CH2-(( 1 }- NCO + HO --ý U J-N 
rubber chain 
\.. -J `J 
" 
ýJ 
rubber chain 
crosslinking at 1600C 
7 '3) 
Iý Lc2 III N- C- -( (ý ? --- N-. C-N 
urea linkage 
O 
... (7.4) 
OH 0' OH, 
H 
-0 - 
Y-- 
-O CH 
ON 
--, 
IC-- 
0N O-. 
urethane linkage (?. 5) 
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(ii) Postulated chemical-adhesion reactions between 
Kevlar and rubber 
F ý-(U J- OH + OCN -9- CHZ NCO + H 
1600C 
NH 
00O 
O 0-C _N 
-O- 
O 
CH 
2O 
"-(C -N 
11 
-0 -0- HHH 
C=0 
urethane allophanate 
O 
O 
o 
NH 
NH 
Polyaramid 
... 
(7.6) 
°T 160C c=o 
Kevlar, diisocya- 
nate and rubber 
N-H 
Ce) 00 
OCý CH2 NIC-N 
C=0 
rubber 
chain ---bond 
C=0 
N-. y--gxH }2-flýý-. yCO 
bH 
ý'/ 
"00.0 
N-H 
ltý 
polyaramid chain ... " 
(7"7) 
Chemical Adhesion 
#. 
tý 
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7.5 Applicability of Composites and Laminates as Products 
The introduction of Kevlar short fibres into a 30 pphr carbon 
black loaded compound causes a dramatic rise in vulcanized composites 
hardness from 520 IRHD for the vulcanized rubber to 94 - 950 IRHD 
for a vulcanized composite with 40% volume fibre loading (table 3.6). 
In any product design a minimum level of fibres of 20% volume loading 
is considered essential to be present in the composites for them to 
attain satisfactory reasonable strength properties. However, this 
also produces composites with high hardness values of 90 - 920 IRHD. 
In some products such as the carcass and tread of tyre, where a hardness 
e. g. 70 - 750 IRHD is required, then a processing oil has to be 
incorporated into the unvulcanize composite along with-other ingredients. 
45 parts of oil per hundred rubber was found needed to reduce the 20 
parts by volume composites hardness from 90 to 750 IRHD. 
Investigations carried out on miniature laboratory designed 
tyres using the short fibre rubber composite for carcass and tread 
of tyre shows that under simple evaluation conditions heat build up 
in these tyres is always lower than tyres without short fibres i. e'. 
compare with a wholely black reinforced tyre (figure 6.11). The 
presence of short fibres not only increase the hardness but also the 
stiffness of rubbers. Hence there is less compression and retraction 
of the tyre during rolling. This is the result found in the 
laboratory but this not necessarily would be similarly found in a 
full size tyre. Tyre design and manufacturing is complex and the 
functions of each components are also complex. These few results 
obtained in the laboratory can only provide an incomplete information 
on the use of short fibres as a tyre building material. 
The possibility of composites and laminates being used as a 
bullet proof material is still considered to be unfeasible as yet. 
They can only offer. a V50 ballistic limit up to 268 m sec-1 which 
is still too low for what is expected from candidate armour materials. 
These materials should be extensible to follow the profile of human 
vest and at the same time behaves as a strong glassy material upon 
impact by bullet. If it is only elastic, substantial damage to the 
*Aspect ratio 1250 
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user-will still occur since the bullet upon 'impact can still 
manage to penetrate the body though with some resistance by the 
elastic material. It is also undesirable, if the. material is just 
glassy, since upon impact the material shatters and the bullet 
" can still penetrate the body. A combination of two properties 
= glassy and extensibility is required for any armour materials 
which must be able to absorb impact energy and dissipate this 
over a large area. 
Composites and laminates are not yet considered suitable 
for this application. 
N 
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CHAPTER EIGHT 
8.1 Conclusion 
Two different types of direct bonding agents (systems) and 
curing systems have been established as capable in a rubber 
compound, of achieving adhesion between rubber and Kevlar fibres 
bonded insitu during the vulcanization process. Each system 
offers different forms of adhesion. In the composition comprising 
resorcinol and hexamethylene tetramine bonding agent, which form 
a condensed resin'insitu in rubber during vulcanization, and which 
uses a conventional curing system based on sulphur and accelerator, 
a physical bond is found formed between Kevlar and rubber; possibly 
by way of hydrogen bonding. The condensed resin formed insitu was 
found incapable-of creating chemical bonding between the two rubber 
and Kevlar. 
Chemical bonding between Kevlar and rubber is considered to be 
achieved when a (blocked) diisocyanate bonding agent and a diurethane 
curing system are employed in a rubber compound and such adhesion is 
attained during vulcanization. Since diisocyanate is also capable of 
crosslinking rubber, an optimised proportion of it is desired to be 
present in the rubber in order to have a good quality bond between the 
two materials. Diisocyanates were found not suitable for use in rubber 
compounds. containing conventional sulphur curing systems since a 
diisocyanate was found to crosslink the rubber and simultaneously also 
react with sulphur and certain accelerators to form complexes thus 
reducing its primary function. 
Modulus and'structural'properties'of rubber vulaänizates 
reinforced by Kevlar short fibre are considerably enhanced especially 
when a fibre aspect ratio of 1250 or thereabout is employed as this 
offers maximum reinforcement of the rubber matrix. Composites 
properties were found dependent on the level of fibres present in 
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rubber and the strength properties, tear and tensile, are enhanced 
further by optimising the proportions of diisocyanate used in 
rubber. Hot air treatment and high energy radiation of these 
short fibre rubber composites and rubber fibre laminates might improve 
the quality of adhesion through the possible utilisation of unreacted 
diisocyanate and the creation of free radicals: such treatments may 
also degrade the rubber. However, the low peel force found suggest 
that if this was so, it is not possible to conclude that an 
improvement in the adhesion between Kevlar and rubber occurs since 
the rubber matrix degrades upon such-treatments. A modified Guth's- 
equation was obtained to be used specifically in polyaramid short 
fibre rubber composites. This modified mathematical equation enables 
a theoretical Young's modulus of polyaramid short fibre rubber 
composite to be calculated and such theoretical result indicates an 
approximate experimental value. 
Short fibre-rubber composites are considered to show some 
potential for use as tyre materials. Their main areas are considered 
to be in the carcass section replacing the woven fabric and also the 
tread region where, the fibres good cut resistance may be important., 
Kevlar-rubber composites and laminates can also be considered as a 
potential ballistic garment materials but this new area needs much 
further improvement before it can be regarded as of practical interest. 
'1 
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APPENDIX 1 
PRINCIPLES OF CHARPY IMPACT TESTER 
1) This machine is primarily designed to measure 
the work done in breaking a plastic test piece. 
2) This is considered the most important property 
to test because moulded, machined and punched plastics 
generally embody sections where stress is 
concentrated when subjected to forces or 
accidental impact and usually ultimately fail at 
these places. 
3) If an unnotched test piece is broken in this machine, 
the. result bears no relation to its notched bar or 
impact value but is more nearly proportional to its 
tensile strength. 
4) The energy of fracture is equal to the energy stored in 
the tup less the energy remaining in the tup after 
fracture: 
If E the energy stored in the tup 
IS Impact strength of test piece 
e= residual energy 
then IS =E-e_ 
5) The stored energy. is dependent on the size of tup, the 
residual energy is indicated by the height the tup ascends 
after breaking the test piece, but to save the substraction 
of e every time the dial is graduated backwards and gives 
a direct reading of the energy of fracture IS. 
OPERATION OF TEST 
1) Having inserted a tup in the machine, the locking screw 
for the adjustable centre or pivot is lightly tightened 
and the, adjusting screw slowly screwed in till the end 
play is just perceptible, 
0 
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2) When the1tup is released without a test piece the pointer 
should come to zero and if necessary the pointer operator 
adjusted to make it do so. 
3) To carry out a test choose a tup which experience indicates 
is likely to bring the reading between 0.35 and 0.7. Place 
the tup in the raised position, move the pointer down to its 
stop and hold the test piece on the anvils with the pin of 
the notch register squarely in the notch, then allow the notch 
register to drop, release the tup, take the'dial reading and 
compare to a provided corresponding energy data chart for 
various tups. 
4) Note the temperature of the room and avoid warming the test 
piece by handling it in the centre. 
